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FOREWORD
 

The analytical study described in this report was performed, by Douglas
Aircraft Company, McDonnell Douglas Corporation, Long Beach, California and 
sponsored by the Ai r Force Fl i ght Dynami cs Laboratory (AFFDL), Wright-Patterson
Air Force Base, Ohio. The work was conducted under contract F33615-73-C-3049 
Project 1368 and Task 0212. Lt. J. E. Malinak (AFFDL/FBR) was the project 
engineer for the work conducted. 

This report covers work conducted between March 15, 1973, and June 24, 1974. 
This report was submitted by the authors on 26 July 1974, for AFFDL review. 
This report is also released as McDonnell Douglas report MDC-J6625A for 
internal control at the Douglas Aircraft Company. 

This report is pUblished in two volumes. Volume I, Study Results, presents 
the capabilities and costs of the baseline medium STOL transport wing, fuselage,
and empennage structural concepts. This volume also includes the concept 
improvements resulting from the integration of new structural geometries, new 
materials, and manufacturing advances along with the resulting aircraft cost 
and performance payoffs. Volume II, Isogrid Fuselage Study, presents: (1) the 
design and analysis of a new isogrid fuselage concept, (2) the associated 
manufacturing methods and nondestructive inspection techniques, and (3) an 
aircraft cost and performance analysis for the isogrid fuselage and the new 
wing and empennage concepts, described in Volume I. 

Mr. R. E. Adkisson was the Program Technical Director for Douglas Aircraft 
Company. Principle investigators in the associated disciplines include 
R. E. Adkisson - Structural Design, G. V. Deneff - Structural Analyses,
B. J. Alperin - Material and Processes, R. L. Zwart - Manufacturing,
M. L. Platte - System Analysis, and D. P. Marsh - Weight Engineering. 

This technical report has been reviewed and is approved. 
/ 

Francis an" Jr. 
Chief, Str ctural Development Branch 
Struct lIr·es Di vi sion 
Air Force Flight Dynamics Laboratory 
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ABSTRACT
 

Results of a study program to evaluate application of the isogrid structure 
concept to a medium STOL transport aircraft are presented. Isogrid is an 
integrally stiffened panel concept incorporating a triangular arrangement of 
the stiffening material which has been used successfully on space vehicle 
structure. The fuselage shell structure of the projected C-15 production air 
plane is used as the study (and baseline) component. The isogrid concept is 
evaluated for structural integrity, weight, manufacturing methods, applica
bility of ND! methods, production and life cycle costs, and aircraft perfor
mance payoffs. Structural integrity analyses of both the isogrid and the 
baseline concepts are based on a common set of requirements for ultimate 
strength, fatigue, and damage tolerance. Because of generally lower stress 
levels and a general absence of rivet and bolt holes in basic isogrid struc
ture, fatigue and damage tolerance are of reduced criticality relative to 
baseline structure. 

Aluminum materials (7475 plate selected) are the best choice for minimum 
production cost and weight for isogrid. The isogrid concept, as applied to 
the C-15 fuselage, however, is shown to be penalized in cost and weight by
the following adverse configuration characteristics: (1) high wing and fuse
lage mounted landing gear which require heavy supporting frames; (2) signi
ficant areas of non-circular fuselage section which also require additional 
frames; (3) significant fuselage areas of double contour shape which result 
in increased forming costs; and, (4) low panel loadings which result in 
minimum gage machining constraints. The isogrid fuselage shell is approxi
mately six percent heavier and 65 percent costlier to produce on a partici 
pating structure basis. Cost estimates are based on a 'bottom-up' detailed 
analysis approach for labor and materials. Applications of isogrid to other 
structural components on an engineering judgment basis are also considered. 
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1.1 

SECTION I 

INTRODUCTION AND SUMMARY 

INTRODUCTION 

The establishment of lightweight and economical structural concepts for aero
space structures is a continuing objective of the Air Force and the industry. 
Stability-critical structures form a major portion of all aircraft t booster t 
and space vehicle structures. Aircraft such as the DC-8 t -9 and -10 use a 
mechanically attached stringer t frame and skin construction which is a 0-90 
degree stiffened structure. Boosters t as exemplified by the S-II second 
stage t duplicate aircraft 0-90 degree patterns with a constant height t inte
gral machined pattern. The S-IVB stage t as well as the Thor t employ square
patterns rotated through 45 degrees. All of these patterns are efficient in 
certain load regimes. However t they are basically four-bar links which are 
in-plane rotationally restrained by the skin and exhibit little out-of-p1ane
torsional resistance capability. 

In 1964 t Dr. Robert R. Meyer of McDonnell Douglas Astronautics Company (MDAC) 
set out to find a structural arrangement that negated the shortcomings of the 
0-90 degree and 45 degree patterns without introducing other penalties such 
as increased weight. The concept found to be the most promising was isogrid t 
a triangulation of the stiffening (hereinafter referred to as rib) merrlbers. 
This stiffening concept is now in use as structure for Delta vehicle tanks, 
interstages and shrouds t and Orbital Workshop interiors. 

The name isogrid is coined from the word isotropic. This is because isogrid 
acts like a monocoque (isotropic) plate, in that both the skin and ribs re
sist loads irrespective of the load direction. The rib grid provides relative
ly high out-of-plane torsional rigidity as well as good resistance to general 
instability failure. Isogrid structure can be designed to withstand compres
sion and shear without internal support. Out-of-p1ane loads can be resisted 
by the isogrid ribs and skin and the nodes at r'ib intersections provide 
natural points for attachment of required installations. 

Limited full scale and model testing has been conducted by McDonnell Douglas
which have served to verify the structural concept. The basic efficiency of 
isogrid is indicated in Figure 1, where compression optimized aluminum cylin
ders are shown to be lighter than typical aircraft fuselage and booster struc
ture. A final comparison, including the effects of shear and manufacturing
limitations, however t will modify the data shown on that figure. 

Isogrid is, by its nature t an integral structure, being machined from plate
stock. Current concepts are to make elements of isogrid structure out of the 
largest possible pieces of plate stock. The resulting reduction in parts 
suggests economies in construction. The data in Table I compares manufactur
ing costs of a stringer stiffened skin shroud and an isogrid shroud t both of 
which are currently being built by McDonnell Douglas. The isogrid cost 
(hours/1b) is less than 40 percent of the stiffened skin cost. This trend 
resulted from the drastic reduction in parts and use of node holes for attach
ment of subsystem equipment. 

Douglas Aircraft Company has an on-going IRAD program to evaluate metal 
isogrid for an Advanced Short Range Aircraft (ASRA). This study to date has 
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Figure 1 COMPARISON OF STRUCTURAL EFFICIENCIES 

TABLE 1 MISSILE PAYLOAD SHROUD COST COMPARISON 

COST ITEM 
DELTA 

(8 FOOT DIAMETER 
-ISOGRID) 

TITAN 
(10 FOOT DIAMETER 

-OUTSIDE STRINGERS 
INSIDE RINGS) 

NUMBER OF 
DRAWINGS 

ENGINEERING HOURS 

TOOLING HOURS 

MANUFACTURING 
COST (HRS/LB) 

85 

26,000 

30,000 

3.1 

150 

60,000 

60,000 

8.0 
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shown that an isogrid fuselage is feasible and is weight competitive with a 
stringer skin fuselage. The isogrid structure is frame1ess except for door 
jambs and window pane support forgings. Wing to fuselage loads are reacted 
by integral reinforced isogrid sections in the wing area. 

The hardware applications previously noted clearly establish isogrid as a 
potential candidate structure for aircraft. Development of its full potential
and establishment of its best usage remains the subject of specific design 
studies. This study is primarily directed to the application of isogrid to 
the C-15 AMST fuselage. 

1.2 SUMMARY 

Areas of potential application of isogrid to the AMST are identified and the 
advantages and disadvantages of these applications are discussed qualitatively
in Section II. Areas of potential cost and weight efficient application are 
indicated generally to be flat or of single contour surface shapes. These 
include pressure (and other) bulkheads, spar webs, doors, leading edges, wide 
frames and torque boxes. A preliminary isogrid design was prepared for the 
fuselage barrel section extending from Station 366 to 982. Isogrid require
ments were further extended to Station 1437 by simplified analyses. Results 
of the study indicate that the C-15 fuselage incorporates characteristics 
(such as out-of-round sections, double curvature surfaces, high wing, low 
loadings, etc.) which are detrimental to the efficient weight and cost appli
cation of isogrid. The fuselage isogrid design strengths and weaknesses are 
further discussed in Section II. The design and analysis of the basic isogrid 
panels, joints, component interface, and reinforcement patterns are presented
in Sections III and IV. The structural analyses show adequate margins for 
ultimate strength, fatigue, and damage tolerance, with general instability
being the critical mode. The isogrid fuselage thus defined is six percent 
heavier than the baseline C-15 vehicle fuselage. 

Manufacturing methods are discussed in Section V. Techniques for milling 
isogrid patterns in flat plates are outlined. Methods of forming the panels 
into IIbarrel staves" of either singular or compound curvature are presented.
Shot peen forming is identified as promising for compound curvature. Further 
developments required to improve cost effectiveness are discussed. 

Section VI identifies ultrasonic and penetrant non-destructive techniques 
respectively for material and fabrication inspection. 

Section VII is an extensive bottoms-up cost analysis comparison of the baseline 
and advanced concept aircraft. Isogrid fuselage shell structure for the C-15 
AMST is identified as significantly more costly than the baseline structure. 
The cost problem areas identified include high costs for capped isogrid
machining and compound curvature forming. Their effect on costs are included. 

Product cost and airplane performance potentials attendant to the use of iso
grid are evaluated in Section VIII, these data being compared to the baseline 
airplane. Performance payoffs are determined for both resized and unresized 
aircraft. 

A final section, IX, presents conclusions and recommendations. The strong
points and limitations of isogrid are discussed and recommendations for 
further work are presented. 
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SECTION II
 

ISOGRID STRUCTURAL APPLICATION
 

This section discusses potential applications of the isogrid structural con
cepts for the AMST aircraft. These comments are qualitative, and are based on 
engineering judgement except that the fuselage comments are based on the re
sults of the design and analysis study reported in the subsequent sections. 
The application areas, other than the fuselage shell, are highlighted in 
Figures 2 and 3, and summarized on Table II. The pay-off of an isogrid struc
ture application to a particular airplane can, of course, only be determined 
by unique indepth studies. 

2.1 ISOGRID APPLICATIONS TO FUSELAGES 

2.1.1 Fuselage Shell 

Isogrid frameless shells are feasible for booster shell structures such as 
MDAC·s current Delta vehicle. However, aircraft loadings are more complicated
and consideration must be given to wing-to-fuselage loads, gear-to-fuselage
loads, floor loads, cutouts, non-circular fuselage sections, and double curva
ture. The AMST is a high wing aircraft and the wing/gear loads are best resis
ted by conventional frames. Floor loads can be resisted by local reinforcing
of the shell wall above and below the floor. Cutouts in a fuselage shell are 
handled by leaving reinforcements in the isogrid pattern around the opening
and providing framing for openings larger than a conventional window. For 
non-circular fuselage sections subjected to internal pressure, frames are 
necessary with isogrid to maintain fuselage section shape. The minimum weight
of the isogrid structure is established by machining capability and tolerances. 
The resulting minimum section is overstrength in low load areas (e.g., in the 
fuselage forward of the wing), such that some sections are twice as heavy as 
required by loading requirements only. Isogrid in double-curved sections has 
not been made. A large percentage of the surface area of the AMST fuselage is 
double curved. This is a problem since double-curvature forming is a major
cost element. 

In summation, the baseline aircraft has many features that are unfavorable to 
the use of an isogrid fuselage structure. The high wing configuration, non
circular section, and low loading levels penalize the isogrid weight. Subse
quent unpublished IRAD work show that isogrid patterns with two rib depths 
(low ribs inside of high ribs) reduce the weight penalty in low loaded areas. 
The double curvature penalizes the isogrid cost. Application to other air 
craft must consider these factors to determine the final applicability. 

2.1.2 Wide-Frame Applications 

Wide frame applications involve a sandwich arrangement of two isogrid panels 
tied together by webs or trusses. An example of this is shown in Figure 2. 
In this application, one panel is the isogrid outer shell and the inner panel
is an open isogrid wall. The design replaces all frames including the tail 
support frames. The arrangement has great torsional stiffness (a requirement
in this area), and will possess the inherent light weight of trusses. The 
open inner wall provides access to lines or cables located between the walls 
and attached to the node points. 
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2.2.3 Wing Bulkheads 
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TABLE II ENGINEERING JUDGEMENT EVALUATIONS 
OF ISOGRID APPLICATIONS 

AMST AIRCRAFT 

ISOGRID RELATIVE WT RE ISOGRID RELATIVE COST 
COMMENTS CONVENTIONAL STRUCTURE RE CONVENTIONAL 

STRUCTURE 

Weight effect not evi
tures tied tOjether by webs or trusses. 
Wide frame is a sandwich of two isogrid struc

ident. Concept 
(See Figure 2 potentially lighter. 

Feasible when designed as sandwich 
(See 2.1.2) 

Existing extruded plank design very efficient 
for AMST floor loadings 

Flat isogrid not efficient in compression 

Standard isogrid not competitive 

Isogrid can efficiently resist in-plane
shears and normal loadings 

Isogrid feasible. Ribs and skins can effi
ciently resist flap/aileron/gear/pressure 
loads. 

Feasible as long as single curvature and 
nose radius not less than allm1able forming 
radius. Few support ribs required. 
Effic1 ent. 

Current design honeycomb. 

Current ailerons very light weight. A mini
mum gage isogrid structure is heavier. 

Current blown flaps in engine exhaust of 
titanium. Titani um unproved/unused as i so-
grid. Aluminum flaps light weight.
Minimum gage isogrid heavier. 

Pylon cover panels have high shears and must 
be stiff. 

Li ghter 
Efficient application. 
Feasible - provided contours not a problem. 

-Few fairings on AMST and these highly 
contoured. Isogrid not applicable. 

Comparable or lighter 
Efficient application. 
Feasible for torque boxes. 

Comparable 

Comparable or lighter Comparable or lower 

Comparable or lighter Higher 

- -

Standard isogrid Costs of pseudo 
heavier. Pseudo iso- isogrid comparable. 
grid may be comparable. 

Lighter in higher Comparable
loaded regi ons 

One integral part Trade off machining
lighter than multiple one big part for many 
machined parts. small. 
Lighter Comparable 

Lighter Number of parts 
reduced (ri bs) . 
Lower 

Comparable if chemi cal- Comparable or lower 
ly milled 

Isogrid must be chemi- Higher
cally milled 

Isogrid must be chemi- Higher
cally milled 

Standard isogrid Comparable 
heavier. "Pseudo iso-
grid" may be comparable 

Comparable or 
lower 

-

Comparable or lower 



2.1.3 Flat-Pressure Bulkheads 

Flat pressure bulkheads can be designed using a sandwich of two isogrid panels 
tied together by webs or trusses. In practice one isogrid panel would be 
skinned and the other open. Such an application is shown in Figure 2, for the 
panel over the nose wheel well. 

2.1.4 Floors 

Floors can be made of single isogrid panels or of a sandwich concept similar 
to the pressure bulkhead. This application will be most weight effective when 
there are high in-plane shear loads in the floor, which isogrid inherently re
sists well. The usual critical floor load conditions involve loads normal to 
the floor. These loads are best resisted by members running between support 
structures. The existing baseline floor has extruded planks running between 
bulkheads. The faces of the planks between the longerons are sufficiently
thick to resist local loads. This design is of reasonable weight and of very
low cost. It is the proper choice for this application. Isogrid could be 
made as light, but would be much more expensive. 

2.1.5 Floor Support Bulkheads 

The baseline design involves webbed bulkheads between the floor and the bottom 
of the fuselage. It is warranted to replace the webs by isogrid when load con
ditions (such as high shear loads) require use of all isogrid members. In this 
situation, if the fuselage shell was also isogrid, the fuselage wall could 
serve double duty and act as the lower cap of the floor support bulkhead. This 
was analyzed and found feasible, reference Section IV. For the baseline, how
ever, the critical loads are primarily compression, thereby making the appli
cation of flat isogrid less desirable. 

2.2 ISOGRI D APPLI CAnONS TO WINGS 

2.2.1 Wing Covers 

The loads in wing covers are predominately in the direction of the span. This 
type of load is most efficiently resisted by stringers in the direction of the 
load. An isogrid cover would be less efficient than the traditional approach
because the members not aligned in the load direction would be inactive. Iso
grid may be effective if the cover is also loaded by very high shears. In 
this instance, isogrid's inherent capability to resist shear load would be of 
value. A further possibility exists, involving a "pseudo-isogrid" pattern with 
variable rib widths and triangles other than equilateral. Efficient candidate 
patterns should exist which provide axial and shear load capability matching
the requirements. 

2.2.2 Wing Spar Webs 

Wing spar webs are subjected to high in-plane shears from flight loads and 
high normal loads from fuel tank over-pressurization. Isogrid has special
capability to resist shear and to act like a beam to resist the normal pressure 
loading. In general, isogrid is more efficient than conventional construction 
when the shear or normal pressure loads are large. However, isogrid will not 
be as efficient as a tension field web when shear loads are low. 
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2.2.3 Wing Bulkheads 

Wing bulkheads are used to close off the end of fuel tanks and to resist shear 
loads from flaps, ailerons, or gears. Isogrid is a viable concept for such 
conditions. Fittings can be machined integrally into the isogrid and the skin 
and rib gages tailored to distribute the loads to the reacting wing skin. 
Again, normal pressure stresses are resisted by beam action in the isogrid 
skin and ribs. The conventional designs have many fittings bolted together. 
The isogrid design is one large integrally machined structure without the 
(fitting) joint penalties. Hence the integral bulkhead would be more 
efficient. 

2.2.4 Wing Leading Edges 

The AMST leading edges use close spaced ribs covered by skins, and have many 
access doors to accommodate the slats. The ribs and skin could be replaced by 
an isogrid sheet formed to the contour of the leading edge and attached to the 
front spar at integral lands. Access doors would be unchanged. The ribs in 
the conventional construction provide stiffness, shear and shaping capabili
ties. These functions are inherent in isogrid. This is a simple direct appli
cation provided the leading edge is a single contour curve and provided the 
radius of the tip of the leading edge is greater than the allowable forming 
radius of the isogrid sheet. 

2.2.5 Wing Trailing Edges and Spoilers 

Both trailing edges and spoilers are designed as honeycomb panels with 0.016 
inch face sheets and 3.1 lb/cu. ft. core, with the weight thickness varying 
from about 0.05 inches to 0.1 inches for two faces. Isogrid can be used in 
both applications. Typically, an isogrid spoiler can be designed as one part,
where the basic machining includes the hinges and provisions for the actuation 
linkage. The weight thickness of a minimum gage machined isogrid design is 
approximately 0.07 inches and could be reduced by chemical milling. This 
weight thickness would go up somewhat to handle stiffening along the hinge 
line etc., so that the final weight will be comparable to the baseline 
structure. 

2.2.6 Ailerons 

It is possible to make the aileron structure out of isogrid with only five 
basic parts. These would be an isogrid leading edge, an isogrid spar, two 
isogrid cover panels, and a trailing edge member (not including hinging and 
actuation needs). The current minimum machining gage for isogrid skins is 
0.045 inch including maximum tolerance. The weight thickness (f) of this iso
grid structure, includin~ ribs and node penalties, would be approximately 0.07 
inches per cover. This t can be reduced by subsequent chemical milling. 

The current ailerons on the baseline aircraft are 0.03 inch monocoque skins on 
ribs approximately five inches on center. The equivalent t of this combination 
is less than 0.07, so isogrid would have to be chemically milled to be competi
tive for this application on this aircraft. It will be an acceptable applica
tion also whenever loads are sufficiently high so that heavier gages are 
necessary. 
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2.2.7 Flaps 

The flaps are similar to the ailerons, hence flaps potentially can also be 
made out of five basic isogrid parts. The flaps on the baseline are externally
blown. The flap portions behind the engines are subjected to engine exhaust 
flow and noise, reaching temperatures of 600°F at 135 db and are made of titan
ium. Flaps away from the engine exhaust are of aluminum. Both titanium and 
aluminum cover panels are made of 0.05 inch sheets chern-milled to 0.03 inch. 
The 0.05 inch dimension is associated with the pads in attach areas. Closely
spaced hats are attached to these sheets for stiffening and support ribs are 
provided at 10 to 20 inches on center. Aluminum isogrid flaps are feasible 
but will have to be chemically milled to be weight competitive. No titanium 
isogrid structure has been made to date, although there is no reason to rule 
out such a concept. However, the complete lack of background makes a judgment 
difficult at this time. Costs should be a primary consideration. 

2.3 ENGINE 

2.3.1 Engine Pylons 

Engine pylQns require high shear load capability and should be stiff to im
prove flutter characteristics. Isogrid cover panels are excellent on both 
counts. The design in this area should also consider the "pseudo-isogridll 
discussed in Section 2.2.1. The optimum pattern for this application will be 
something other than standard isogrid in order to be weight competitive with 
a conventional structure. 

2.4 MISCELLANEOUS ISOGRID APPLICATIONS 

2.4.1 Doors 

Doors in aircraft can be grouped as either those which resist airloads and 
door-open loads only, or doors which carry air loads and door-closed loads. 
The first type of door is typically made of an outer skin stiffened with a 
beaded inner skin and provided with hinges and latches. Isogrid is particu
larly suitable for this type of door. A typical isogrid access door is shown 
in Figure 4. This door integrates all functions into one simple machined com
ponent. This design can be extended to applications such as gear or nacelle 
doors. 

The second group is exemplified by a cabin door. Again, the door can be made 
of a fairly deep isogrid section (1 to 2 inches) designed to beam the cabin 
pressure loads across the door opening. The stop fittings would be integral 
with the door. Such doors are feasible, especially in single curvature areas. 

2.4.2 Fairings 

Isogrid is suitable for fairings provided the forming requirements are not too 
severe. Fairings are minimized on the baseline aircraft and are highly formed 
sections where used. Hence, this application is not of value to this aircraft. 
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2.4.3 Torque Boxes 

Torque boxes could be made of isogrid sections to take advantage of the shear 
carrying capability of this structure. The sections should be open isogrid.
Skinned isogrid is needed only if a fairing provision is required. The torque
boxes around the aft door of the baseline aircraft may be able to take advan
tage of this feature. 

2.5 TAIL SECTIONS
 

Comments presented in Section 2.2 on the wings pertain to tail structures.
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SECTION III
 

ISOGRID FUSELAGE SHELL DEVELOPMENT
 

The AMST fuselage was chosen to evaluate the feasibility of using isogrid 
structure. The inherent stability of isogrid shells points to the fuselage as 
a prime candidate for potential application. A preliminary design study was 
conducted. The basic isogrid sizes were defined and local reinforcement re
quirements determined. Major joints were designed and a means of attachment 
devised. Areas are identified where internal frames are needed. This design 
is the basis of the cost and weight analysis included in this study. 

3.1 BASELINE DESIGN CONCEPT 

The baseline airplane used for the isogrid study is the same AMST transport
used for comparison with other structural concepts presented in Volume I. It 
is described in Section I of Volume I, and the structural arrangement is shown 
there in Figure 2. The fuselage is a conventional aluminum alloy skin, 
stringer, frame design based on the preliminary criteria and loads generated 
in the YC-15 prototype effort. 

3.2 ISOGRID DESIGN CONCEPT 

The basic fuselage shell structure is presented in Figure 5 as isogrid inte
grally machined from aluminum plate. The machining is performed on flat plates
which are then formed into cylindrical segments. These segments are bolted 
together along longitudinal bolt patterns into barrels which are connected end 
to end to form the fuselage. The basic isogrid geometry along with longitudi
nal and circumferential butt joints are shown in Section A-A of the Figure. 

Each barrel segment has a basic grid, i.e., basic rib spacing, plate thickness, 
skin gage, and rib width as shown in the main view of Figure 5. These elements 
were sized to resist the internal pressure and flight loads generated for the 
baseline airplane. The basic grid applies everywhere on the designated segment 
except where integral reinforcement is required around cut-outs, discontinui
ties, and areas of point load application as shown in pertinent section cuts 
and views of Figure 5. Only unf1anged construction was considered for basic 
grid. However, flanged isogrid is also used in local, highly loaded, areas. 

The material selected is 7475-T7351 aluminum plate, Figure 6. It is representa
tive of high performance aluminum alloys and can be machined and formed. The 
isogrid concept is applied only to the basic fuselage shell. The doors, win
dows, floor, landing gear, wing, empennage, attach structure, etc. were studied 
only to the extent that they affected the shell. The fuselage is considered in 
two sections -- center and aft. 

3.2.1 Center Section 

The center fuselage extends from stations 366 to 982. It consists of five 
barrels with three segments each. Frames are located at stations 703 and 847 
and spaced 24 inches D.C. in the forward two barrels as shown in Figure 5. 
Bulkheads are located at 24 inch intervals under the floor over the remainder 
of the section. 
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Figure 6 NEW CONCEPT AIRFRAME MATERIAL SELECTION (ISOGRID FUSELAGE)
 



The isogrid shell is capable of resisting bending and shear loads resulting 
from all flight conditions without internal frame support. However, it was 
assumed at the onset of this investigation that the major frames at stations 
703 and 847, used in the baseline ~irplane to distribute wing and landing gear 
loads, would be required for any structural concept. Frames are also needed 
in the forward two barrels to resist internal pressure. This portion from 
stations 366 to 516 has a non-circular cross section, and internal pressure 
causes circumferential sidewall bending. The elimination of frames would re
quire flanged isogrid from 2 to 2.5 inches thick. The fuselage is cylindrical
from stations 516 to 900 and nearly so from 900 to 982. Internal pressure is 
easily resisted by hoop tension. The only other internal support structure 
required in this section are the floor bulkheads. They distribute the cargo 
loads to the fuselage under the floor and permit the floor and lower shell to 
act as a unit. 

Floor loads can be resisted by a frameless shell by reinforcing the isogrid 
structure from the floor to the fuselage reference plane (FRP). The reinforce
ment is obtained by simple flanging of the isogrid shell (see Section C-C of 
Figure 5). This approach is used in the cylindrical portion where frames are 
not required for pressure. In the forward area, the frames which resist press
ure will also distribute floor loads into the basic grid. In each case, the 
floor is pinned to the fuselage side wall. 

The main wing is attached to the frames at stations 703 and 847 and to the skin 
panels in the same manner as the baseline. The fuselage penetration is accom
plished by machining the rear spar plane and lower wing cutout into the shell 
where the wing is attached directly to the isogrid wall as shown in View H, 
Figure 5. The front spar is connected to the shell through an attach angle to 
assi st assembly by preventing "shoe horn"j ng" of the w"jng. Pseudo-i sotropi c 
structures such as isogrid are most efficient when load paths are kept as 
direct as possible. Study is required to determine the best ways to carry load 
around or through the wing cutout area. 

The baseline main landing gear attachment to struts that are integral with the 
frame at station 847 is considered applicable here. A reinforcing grid is re
quired in this area to resist landing gear drag loads, although the reinforce
ment is not shown in Figure 5. 

All door and window cutouts require integral reinforcement around the periphery. 
Only unflanged isogrid is required in this shell. The main jump door in the aft 
fuselage was chosen as the best example of cutout requirements and is discussed 
more fully in 3.2.2. 

Frames and bu"1 kheads requi red in any i sogri d shell can be of the truss or shear 
web variety as shown in Figure 5. In these designs, the isogrid wall acts as 
the outer cap and mayor may not require local integral reinforcement. The 
inner cap and web (or truss diagonals) can be machined as an integral unit. A 
frame or bulkhead located at a barrel interface can be attached by butt joints 
in the manner presented in Section 8-B, Figure 5. Midspan frames or bulkheads 
should be attached at nodal rows as shown in View Dfor shear webs and View F 
for trusses. 
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Trusses are particularly suitable for the webs at these frames and bulkheads. 
The advantage of trusses lies in their open construction which permits pene
tration without special provisions. Intersecting members provide natural 
attach points, and the diagonals lend lateral restraint to the inner cap
through torsional stiffness. A problem arises when the fuselage shell is used 
as the outer frame or bu"1 khead cap. Offset moments are induced in the curved 
shell requiring that it resist combined bending and axial loads. This was 
analyzed and shown to be feasible. The basic grid was found to be adequate as 
an outer cap for pressure loaded frames, both truss and web, which are attached 
at each node, View F, Figure 5. Actual design must consider all parameters
involved, including loads, geometry, basic grid size, access requirements, 
etc., on a weight and cost basis. 

3.2.2 Aft Section 

The aft fuselage extends from stations 982 to 1437 and consists of four barrels 
of two segments each as shown in Figure 5. The cargo doors are considered to 
be attaching members and are not included in the study. This section has non
circular cross sections, so that frames are required to resist internal press
ure loads. They are normal to the FRP and spaced 24 inches D.C. except in the 
area of the canted vertical stabilizer frames. These members attach the sta
bilizer through its spars in the same manner as the baseline airplane. The 
torque boxes at the periphery of the cargo door cutout on the baseline airplane 
are required on this configuration also. 

The aft jump door, View G of Figure 5, is typical of any cutout in an isogrid
shell. The problem of load distribution around the opening is best served by
having the boundaries coincide with ribs. However, if other parameters pre
vail, the opening can follow any line and the grid pattern can be machined 
accordingly. In this case, the door sill is trimmed at the floor plane for 
ease of exit. 

As shown in the figure, extensive integrally machined reinforcement is required
around the cutout. It is heaviest around the periphery of the cutout and re
duces away from the door cutout in gradually decreasing steps until it matches 
the basic barrel grid. Should the reinforcement extend to an adjacent barrel, 
it is step tapered into the basic grid of that barrel. This occurred for the 
jump door where the reinforcement extended into barrel 7. The reinforcing 
pattern was terrilinated at the torque box under the door. This torque box pro
vides the required reinforcement. It should be noted that the reinforced area 
remains as unflanged isogrid. 

3.3 PRELIMINARY DESIGN 

An isogrid design proceeds in the following manner. First, the shell is sized 
to resist overall body loads. This analysis establishes that the fuselage will 
not fail in compression in anyone of its three prime instability modes or in 
tension. Next, anomaly loads from floors, gear, wings, cutouts, etc., are 
defined and local beefups in the isogrid shell or substructures (such as frames) 
are provided to react these loads. Finally, fatigue and damage tolerance 
analyses are completed. One result of this procedure is that low stresses re
sult from sizing the vehicle to the overall body loads such that fatigue and 
damage tolerance problems are reduced or not critical. 
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The designs are based on load information from the YC-15 prototype effort. 
Ultimate body loads, unit longitudinal loads and shear flow in the center 
section were determined from the envelopes of maximum bending moment, shear 
and torque supplemented by a critical analysis for maximum shear in barrel 
four. Aft fuselage body loads were taken from a YC-15 analysis which consider
ed the effect of cargo doors and the vertical stabilizer. 

Each barrel was considered separately as a complete (i.e., no cut-outs) cylin
der with a radius equal to the maximum radius of the barrel. The grid elements 
were sized to resist failure in general instability, skin buckling, and rib 
crippling under combined maximum compression and shear. Optimum configurations
that were designed to fail simultaneously in all failure modes required rib 
spacing so close and skin and rib gages so thin that they were considered in
feasible from a manufacturing point of view. More reasonable sizes were deriv
ed from a quasi-optimization approach which assumed a rib spacing and plate
depth and determined the skin gage and rib width by setting skin buckling equal 
to general instability. The ribs were then checked for crippling and increased 
in width if necessary. 

The minimum weight configuration for any loading condition can be found by
determining the element sizes for various values of plate thickness, S, at 
each of a number of values of rib spacing, H, as shown in Figure 7. Here the 
weight is expressed as a smeared thickness, t. The curves presented in the 
Figure were constructed for the specific barrel and loading condition shown, 
but are representative of all barrels and conditions. Specific values depend 
on specific loading and barrel geometry. However, certain generalities can be 
made: 

o There is a range of minimum weight configurations where 
small variations of rib spacing and plate depth produce 
minor changes in weight. 

o	 Plate depth has a greater impact on weight than rib 
spacing. 

o General instability is the dominant mode of failure in 
thin plates while rib crippling is critical for thick 
plate design. 

o Skin buckling is the dominant mode for wide rib spacing,
while rib crippling prevails for close spacing. 

The curves in Figure 7 are based on minimum required sizes and theoretical 
values of t. They serve to indicate the trends and establish the minimurn 
weight zone. Past experience indicates that the minimum weight configurations 
of all barrels in this fuselage will fall close to this zone. Therefore, a 
uniform r'ib spacing of 4 inches over the entire fuselage will yield an effi
cient design that is in the realm of manufacturing feasibility and low cost. 

The basic grid sizes for each barrel were determined in the same manner as 
outlined above, although the optimization procedure was not as extensive. 
Plate depths from 0.7 to 1.25 were considered for a 4 inch r'ib spacing. 
Tolerances, minimum gages, and node weight penalties were included. Manufac
turing considerations resulted in a minimum skin gage of 0.040 and rib width 
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3.4 

of 0.060 with + 0.005 tolerances on each. These designs were checked for in
ternal pressure. The non-circular barrels were analyzed as pressurized cylin
ders with internal frames. Shell wall bending and axial load were computed in 
the conventional manner. The cylindrical sections resist pressure by hoop
tension. The result is that all the barrels designed for body loads resist 
internal pressure adequately except barrels 1, 2 and 9. The optimum plate
thickness of barrel 1 is 0.8 inches for body loads and that of barrel 2 is 0.9 
inches. They were both increased to 1.0 inch for pressure. The body loads in 
barrel 9 are so low that they were not considered, and the barrel was designed
for pressure. 

Integral reinforcement around cutouts was treated as a stress problem. The 
openings were assumed to be holes in infinite plates and the sizing was per
formed by the method recommended in Reference 1. The flanged isogrid rein
forcenent required by the floor loading was determined by treating the sidewall 
as a smeared out frame. The grid was sized to resist the frame moments (per
inch) of the sidewall in the conventional manner. The final analyses are dis
cussed in Section IV. 

REPAIR TECHNIQUES 

Experience in repairing isogrid structure is available from the McDonnell 
Douglas Delta, space vehicle shroud, and Orbital Workshop space vehicle pro
grams. Typical examples of preliminary repair methods are shown in Figure 8. 
Attached stiffeners and doublers are either bonded to the isogrid or are 
attached with mechanical fasteners. Ribs which are deformed in brake forming 
can be either straightened easily with simple hand tools or can be "bridged"
with doublers. No difficulties have been encountered with repaired isogrid 
structure to date. Isogrid is "forgiving" since it possesses essentially two 
load paths, i.e., skin and ribs. Additional development of repairs for air
craft are needed, however, to restore fatigue life and complete integrity for 
all types of loadings in shell structure. 
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SECTION IV
 

STRUCTURAL ANALYSIS
 

The results of a preliminary structural analysis of the isogrid concept as 
applied to the STOl fuselage is summarized in this section. Detailed struc
tural analyses data are found in Reference 2. Fatigue, damage tolerance and 
ul timate strength analyses were performed to support and verify the structural 
design described in Section III. 

Typical minimum margins of safety and associated design stress levels for the 
more highly loaded Barrel 5 section are summarized in Figure 9. These margins 
are for compression, (general instability, local skin buckling and rib crip
pling), fatigue and damage tolerance. The minimum margin is for general insta
bility failure. The fatigue and damage tolerance margins are high because of 
the low stress levels inherent in isogrid construction (required for general 
instabi 1ity) . 

The analyses demonstrate that an isogrid fuselage is feasible for the AMST 
airplane. For more complete structural optimization and associated weight 
benefits, additional detailed analyses are required. 

4.1 FATIGUE 

The fatigue analysis was based on use of the ground-air-ground (GAG) cycle,
which has been demonstrated to cause 80% or more of all fatigue damage for the 
AMST. The basic data to generate the GAG spectra are in Volume I where the 
incremental load factor (~n) occurrences for each flight mission are identi 
fied. Integration of these data as C.G. load factor exceedance spectra are 
shown in Figure 10. This figure defines the average GAG + load factor excur
sion per design lifetime for the fuselage. The associated design frequency is 
four times the number of landings per service life of 15,000 hours that the 
aircraft will make or 4 x 23755 = 95020 landings (Volume r). On the basis of 
one GAG cycle per landing the number of GAG cycles was then equal to 95,020. 
In the longitudinal direction both inertia and pressure loads were included in 
the GAG cycle. For the hoop direction the GAG cycle consisted only of pressure 
loads. 

The fatigue GAG damage DR was calculated using linear damage theory. The 
allowable service life capability then is defined as follows: 

. l'f 60,000 1 15,000 KAllowable servlce 1 e = 4 0 = D (1) 
R/K R 

Where K= factor representing fraction of total damage
due to GAG 
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Fatigue checks were made as follows: 

1.	 Those due to longitudinal loads at Stations 439 and 703 forward of 
the wing t and at Stations 847 and 982 aft of the wing t 

2.	 Those due to hoop loads at a selected critical station t and 

3.	 A preliminary check of the butt splice configuration. 

The steps in each analysis included: 

1.	 Definition of the GAG load factors/pressure schedule t 

2.	 Derivation of one "g" stresses for each of the fl ight missions t and 

3.	 Computation of the damage. 

Required basic data included: 

1.	 The C.G. load factor exceedance spectra t Figure 10 

2.	 One "g" bending moments t Reference 3 

3.	 SIN data for basic structure t Volume I 

4.1.1 Fatigue Due to Longitudinal Loads 

The typical load GAG cycle for Stations 439 and 703 t forward of the wing is 
1.56g's flight and 1.47g's ground taxi t (Volume It Figure 11). The typical
GAG flight load for stations aft of the wing (847 and 982) result from a flap 
extended condition. The aircraft flies less than 10% of the time with flaps 
down t hence the typical flight g level of the GAG cycle is only 1.36g l s rather 
than	 1.56g's. The ground taxi g level remained unaltered. 

One "g" bending moments are presented in Reference 3 for Stati ons 725 and 871. 
The dead weight elements were extended in a rotational manner to the four 
selected stations. Stations 847 and 982 are also loaded by an average one "g" 
flaps down balancing tail load (BTL) of 14tOOO lbs. The resulting total one 
"g" bending moments are shown in Table II 1. 

A similar set of m~nents were computed for the taxi condition t those involving 
nose gear loads t as well as inertia loads t Reference 2. Both flight and taxi 
bending moments were changed to stresses using the appropriate GAG load factors 
and the section properties from the detailed analysis (Reference 2). Pressure 
stresses corresponding to the airplane and cabin altitudes reached during each 
mission (Reference 4) were defined and added to the flight condition stresses. 
The required number of GAG cycles for each mission was taken as four times the 
associated number of service life landings t Reference 3. These data t along
with the SIN curves for basic structure were inputs for the fatigue checks. 

These analyses showed that the margins of safety in fatigue under longitudinal
loading were high. Sample calculations for the most critical Station t 847 t 
are shown in Table IV. 
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TABLE III FUSELAGE ONE 11 9" FLIGHT BENDING MOMENTS 

+ 

BENDING MOMENT (10-6) IN.-LBS (I I)* MISSION 

FUSELAGE STATIONS 

439 703 847 982 

1(0) 

1(R) 

2(0) 
2(R) 
3 
4 
5 

-2.172 
-2.177 
-2.719 
-2.727 
- 1. 214 
-2.177 
-1. 222 

-5.570 
-5.585 

-6.973 
-6.988 
-3.114 
-5.585 

-3.133 

-19.253 
-19.253 
-19.633 
-19.633 
-18.314 
-19.253 
-18.319 

-13.745 
-13.745 
-13.987 
-18.987 
-18.152 
-13.745 
-13.152 

* (0) Outbound; (R) Return 

TABLE IV SAMPLE FATIGUE CALCULATION FOR STATION 847 
o** 

niNi"MAXMISSION K 
(KSI) (CYCLES) (CYCLES) 

1(0) 19.0 0.36 
30,480 0.0191 

1(R) 19.3 0.35 

2(0) 19.0 0.37 
9,144 0.0057 

2(R) 19.2 0.37 

3 19.2 0.32 2.8(106) 764 0.0004 

4 12.6 0.54 >107 17,296 0.0017 

5 16.0 >1070.38 37,336 0.0060 

TOTAL 0.0329 

*(0) Outbound; (R) Return; **2024-T3 SIN Data 

04 Times No. of landings; AADR = "i/Ni 

Allow Life (Hours) = 60,000 1 = 151000{.8) = 0.36(106)
4 DR/d.8 0.0329 

NOTE: 0.8 is factor since GAG is only 80% of damage. 
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4.1.2 Fatigue Due to Hoop loads 

longitudinal cracks are caused by pressure stresses. Only one check for hoop
direction loadings was required at a minimum gage section. The minimum gage
is in barrell, which has an effective thickness of 0.054 inches, giving press
ure stresses of ~p x 108/.054 = 2000 ~p. The ~plS are the same as those used 
in the longitudinal case condition. The fatigue life computation procedure 
follows that of Table IV. For this case, R equals zero, the damage (DR) is 
0.0399, and the allowable life is 0.38 x 106 hours. It foflows that heavier 
gage areas will have better fatigue life. 

4.1.3 Fatigue at Splices 

A preliminary analysis was made of the fatigue properties of the butt splice 
proposed for the isogrid structure as shown in Figure 11. 

Experience has indicated that bolt fatigue is not a problem if the bolt stress 
level is less than 0.8 Fty ' The MS 21250-04 bolts have a of 163 KSI.Fty
Hence, acceptable life exists if the bolt stresses are less than 130.4 KSI. 
Ultimate bolt stresses are less than this allowable, so no bolt fatigue problem
exists. The splice design itself resembles typical "bathtub" fitt"ing designs 
which have demonstrated satisfactory service life. However, test data is re
quired to verify or further develop this approach. 

4.1.4 Fatigue Under Acoustic Loads 

The acoustic fatigue environment for the STOl fuselage is found in Volume I.
 
The critical environment for the fuselage is in Zone F2, as shown in Figure 12.
 
The minimum isogrid skin gage in this area is 0.04 inches (minimum tolerance
 
on 0.045 + .005 inch dimension). Current in-house acoustic fatigue charts
 
pertain only to rectangular panels. Hence, the size of an equivalent square
 
panel which had the same natural frequency as the isogrid panels was determined.
 

The relative frequencies of trian~ular and square plates are shown in Figure
13. The isogrid triangle height (h) is 4.0 inches. The square plate dimension 
(a) with equivalent natural frequency is 3.24 inches with simply supported 
edges, and is 3.14 inches with fixed edges. An everage of 3.19 inches was 
selected. 

An acoustic fatigue check of this equivalent 0.04 inch thick square plate,
showed that the damage per design lifetime was slight so that this mode is not 
criti cal. 

4.2 DAMAGE TOLERANCE 

The damage tolerance analysis follows the general procedure outlined in Volume 
I, Section 7.2. That section contains a compilation of the crack growth rate 
(da/dn) versus stress intensity factor (~K) data that are used in the damage 
tolerance checks. Both hoop and longitudinal cracks were considered at the 
four check stations (439, 703, 847 and 982) and critical stations were chosen 
for one hoop crack and one longitudinal crack damage tolerance analysis. The 
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two analyses were both for surface flaws (a = .125 inches) in the basic struc
ture. These flaws were kept 24 inches away from any joints to negate edge
effects. No damage tolerance checks were made at the joints. (The joints
would be developed using analysis and test data such that their damage toler
ance would be equal to or better than the surface flaw.) 

4.2.1 Damage Tolerance for Longitudinal Loads 

The fuselage damage tolerance analyses were developed from a spectra based on 
a consideration of the following loading modes. 

1. Taxi environment, 

2. Flight maneuver environment, 

3. Low level maneuver plus gust environment, 

4. A cabin pressurization environment, and 

5. A flaps down loading for the aft fuselage. 

This preliminary work established that only the taxi and low-level-maneuver 
plus gust modes were significant enough to be included in the spectra. The 
taxi and maneuver plus gust spectra were examined at the four check stations. 
The critical spectra were at Station 847, Reference Table V. This station, 
therefore, was selected for the analysis. 

The Table V spectra development procedure paralleled the example presented in 
Section 7.2.1.2 of Volume I. The initial crack was an a = 0.125 inch surface 
flaw on the fuselage top centerline and located 24 inches aft of Station 847. 
The applicable inspection periods are those associated with special visual and 
depot periods. Depot inspection resulted in the highest design allowable 
stress (50,100 psi) for the 7500 hour minimum period of unrepaired service 
usage and a + 0.36 margin of safety relative to the maximum ultimate bending
plus pressure stress of 36,900 psi for the selected design. 

4.2.2 Damage Tolerance for Hoop Loads 

Longitudinal cracks result from fuselage pressurization stresses which are 
maximum in mlnlmum gage areas. The minimum effective thickness (teff) is 0.054 
inches and exists on the top of barrel 5. Therefore, this area was selected 
for analysis. 

The flight profile data (Volume I) show that pressurization occurs in all 
missions except mission 4. This results in a total of 19,431 pressurization
cycles per service lifetime. The operating pressure differential is 7.5 PSID 
which was conservatively assumed to exist during each flight. Hence, the 
design spectrum is 
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TABLE V HOOP CRACK LOAD SPECTRA FOR STATION 847 

SPECTRUM 
ni 

(CYCLES) 
Acr 

(KSI) R 

LOW LEVEL MANEUVER + GUST 

TAXI 

0.90 (l06) 

0.47 (l06) 

4.1 

3.2 

+0.47 

+0.56 
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4.3 

~a = apress = Pr/teff = 15,000 PSI (2 ) 

R = ° 
ni = 19,431 cycles/15,OOO hours 

The initial crack was again an a = 0.125 inch surface flaw. The safe crack 
growth period characteristics in conjunction with the special visual and depot
inspectability period requirements defined a design allowable stress of 54,400 
PSI for the 7500 hour depot minimum period of unrepaired service usage. This 
compares to the maximum ultimate stress of 36,900 PSI for the selected design, 
giving a + 0.47 margin of safety. (Principal stresses at the side quadrant 
are not critical since the maximum tail load is 8,750 lbs.) 

ULTIMATE STRENGTH 

Isogrid consists of a rib grid arranged as equilateral triangles on a facing 
sheet. This structure has equal bending stiffness in all directions. Hence, 
it resists load exactly like an isotropic sheet except that it has significant
ly increased bending stiffness on an equal weight basis. This inherent dis
tributed stiffness allows construction of a fuselage shell with few or no 
frames. For the AMST aircraft, frames are required only at the front and rear 
spars and at the fuselage out-of-round areas. 

The ultimate analysis methods for isogrid are based on the work reported in 
Reference 1 which shows that isogrid acts like a buckle resistant monocoque
shell with a large effective skin thickness and a reduced modulus of elasti 
city. Because of this distributed property characteristic, the isogrid shell 
is sized to the overall applied distributed loads. The isogrid shell so sized 
is then modified to support the anomaly loads from floors, floor beam trusses, 
out-of-round fuselage, shear concentrations under the wing, etc. The analysis
techniques used in these steps require relatively simple equations to derive 
applied forces, member stresses, and compression instability capabilities. 

In areas of major discontinuity, loads over and above the overall distributed 
loads are induced. In the baseline fuselage, these major discontinuity areas 
are at the wing box, the gear attach, and around the rear door. The baseline 
stringer-skin fuselage includes structural provisions to carry longitudinal 
loads around the wing cutout. This is undesirable in an isogrid fuselage since 
high concentrated local compressive stresses aggravate the general instability
problem. It is, therefore, desirable to provide continuity through the wing
box by means of two ribs aligned with the fuselage shell. This approach mini
mizes the effects of this discontinuity. 

The baseline fuselage provides frames and heavy skins to distribute and resist 
the gear loads. The isogrid shell concept similarly provides local frames and 
heavier isogrid to distribute and resist the gear loads. 

The third major discontinuity area is associated with the large aft door. A 
recognized problem is shear concentration at the corner of the door in the 
fuselage area forward of Station 982. Based on loads from the discrete element 
analysis of the baseline fuselage in this area, reinforcements were provided in 
the isogrid fuselage. 
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The floors and floor beams introduce additional local shears, torques and bend
ing moments into the fuselage shell wall. Computer programs are available to 
determine these loads and the required stress analysis relationships are de
fined in Reference 1. These loads lre all resisted by a local distributed 
stiffening of the isogrid shell. This stiffening can be achieved by thickening
the skin, by heavier ribs, by capping the ribs, by a deeper section, or by com
binations of any of these approaches. 

4.3.1 Ultimate Strength for Overall Distributed Loads 

The overall distributed fuselage loads (given in Volume I) include envelopes 
of maximum ultimate vertical and lateral loads. The isogrid fuselage, current
ly designed, can resist the maximum moment/shear/torque combination applied in 
any section orientation through the full 360°. This means that the lateral 
loads do not have to be considered, since they are less in magnitude than the 
vertical loads. 

The fuselage is divided into barrels of discrete length. The maximum vertical 
load envelopes were examined and all critical load conditions for each barrel 
were tabulated. Then, the original load runs were examined; and compatible
shears, moments and torques were compiled for each of these conditions. The 
fuselage barrel was checked for these conditions for general instability, skin 
pocket buckling and rib crippling. No tension checks are required since the
ultimate tension stresses approximately mirror the ultimate compression 
stresses, and the compressive stresses are all low relative to the tension 
ultimate. 

4.3.1.1 General Instability - The equations for general instability capabil
ity are based on the data in Reference 1 and on in-house unpublished data. 
The approach computes the compression, shear and torque panel loading capabil
ities (NCR' NCR' and NCR) in terms of the section moment, incremental moment 

B S T 
and torque (M, ~M, T) respectively, considering the basic shell properties 
(R, t*, E*, L) as shown in Figure 14. 

The isogrid shell sections were analyzed by calculating the allowables and then, 
using the applied loadings and an applicable interaction equation to obtain the 
margins of safety. The equations used are summarized in Table VI. The shear 
factor and its use in the shear buckling equation is taken from Figure 15. The 
critical spot was determined to be in barrel 5 for which the conditions consid
ered and the resulting margins of safety are shown in Table VII. The margins 
are relatively high because of section minimum gauge constraints. 

4.3.1.2 Local Skin Buckling - The skin pockets between the ribs were designed 
to be buckle resistant. The top and bottom centerline skin pockets were checked 
for bending plus torque loads, the side centerlines for torque plus shear loads. 
The pertinent equations are shown in Table VIII. The min"imum margin of safety 
for this analysis, in barrel 3, was +0.58. 

4.3.1.3 Rib Crippling - Rib stability under compressive loadings was also 
analyzed. As with the skin buckling, the ribs at the top and bottom center
lines were checked for bending and torque loads, and the ribs at the side 
centerlines for torque plus shear loads. The pertinent equations are shown in 

40
 



~L ·1
 
Figure 14 LOAD MODEL FOR GENERAL INSTABILITY 

TABLE VI GENERAL INSTABILITY ANALYSIS EQUATIONS 
FUNCTION EQUATION 

SHELL GEOMETRY R, t, E, L (F1gure 14) 

t* = t( a )EQUIVALENT SHELL ~ 

PROPERTIES (REFERENCE 1) E* = E (1Lpl2) 

* * 2 BUCKLING BENDING Ncr(B) = 0.397 E (t) /R 

ALLOWABLE + * * 2 SHEAR Ncr(S) = 0.612 Yy E (t ) /R
(REFERENCE 1 & 

* * 
V (T) - 0.5 E tUNPUBLISHED DATA) TORQUE cr - (R/t*) 1. 2S(D.JR)0. 5 

I 

BENDING PB = (MYteff )II W1n) 

LOADS SHEAR 
I 

Ps = (AMYteff)1I (#/1n) 

I 

TORQUE PT = T/2A (#/1n) 

I 

BENDING RB = PB/Ncr(B) 

I 

SHEARLOAD RATIOS RS = Ps/Ncr(S) 

I 

TORQUE RT = PT/Vcr(T) 

INTERACTION (REFERENCE 4) RB + RS + (lr)2 <" 1.0 

+See F1gure 15 for Yy 41 
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TABLE VII SUMMARY OF BARREL #5 INSTABILITY 
ANALYSIS 

LOAOING CONDITION * MARGIN 
OF 

SAFETYNAME COMMENT 

-ONE "g" BALANCED 

MANEUVER 

MAXIMUM ULTIMATE 

POSITIVE BENDING MOMENT 
+4.88 

UNCOORDINATED 

ROLL 

MAXIMUM ULTIMATE 

TORQUE - STA 870 TO 982 
+1.85 

LATERAL DRIFT 

LANDING 

MAXIMUM ULTIMATE 

TORUQE - STA 847 TO 870 
+1.08 

2-POINT 4.630 

TAIL DOWN LANDING 

MAXIMUM ULTIMATE 

NEGATIVE SHEAR 
+1.50 

2-POINT 3.800 

TAIL DOWN LANDING 

MAXIMUM ULTIMATE 

NEGATIVE BENDING MOMENT 
0.71 

NOTE: * These are external fuselage load conditions. 
see Volume I. Section II. 



Table IX. As is usually the case, db crippling is not a stress problem. The 
minimum margin of safety, in barrel 3, is +4.26. 

4.3.1.4 Hoop and Longitudinal Splices - Butt type splices were proposed for 
the isogrid fuselage, wherein the edges of the isogrid sheets were designed
with integral attach flanges as shown in Figure 5, sheet 2. The hoop splices 
are located between each barrel and longitudinal splices are at the top center
line and at 1200 to each side of this centerline. Only one type of bolt and 
two bolt patterns are used. The bolts proposed for all splices are MS 21250-04, 
180 KSI heat treat, which are spaced 1.54 inches on center in the hoop splices,
and 2.0 inches on center in the longitudinal splices. 

The hoop splices were checked at the top or bottom centerline, where axial 
loads from the bending moments and cabin pressure combine with torque shears; 
and at the neutral axis of the cross section, where axial loads from the cabin 
pressure combine with shear and torque loads. The longitudinal splices 1200 

from the top centerline, which are loaded by tension from the cabin pressure, 
shear and torque loads, and the bending moments up the side of the fuselage 
from the floor loads were also checked. A summary of loading conditions con
sidered for hoop and longitudinal splices appears in Figure 16. 

For the longitudinal splice analyses, both overall distributed loads (developed
for the instability checks) and floor loads were considered. Unlike the base
line, where the floors are tied into frames which then feed the load into the 
shell, the isogrid concept has the floor tied directly into the shell wall at 
the node points, and the load distribution function is completed by the isogrid 
shell wall acting as a wide frame. This introduces out-of-plane bending mo
ments, shears, and axial loads in the local shell and longitudinal splices. 
This is further discussed in the analysis of the floor/fuselage intersection. 
The out-of-plane shear loading is small and at 90 0 to the overall distributed 
shear loading and is therefore, neglected. However, the floor/fuselage inter
section study showed that for one "g" cargo loading on the floor, there is: 

(1)	 Axial load across the splice, Ny = 30.1 #/in. (tension) 

(2)	 Moment across the splice, My = 64.8 in. lbs./in. (tension
outboard) 

The check locations chosen were the barrel bay midpoints at Stations 414.5, 
511, 631, 775 and 914.5. The total load factor N applicable to the floor z 
cargo loading at each check station was obtained from the equation 

N = (XCg - X) e+ 
z Nz	 (3)

32.2	 x 12 e.G. 
•Where N is the vertical load factor at the e.G., and e is the pitch rate.ze.G. 

The instability check conditions (Table VII) were evaluated per the above con
siderations (see sample calculation, Table X) to identify the splice shown in 
Table XI. The analysis of the splices followed normal analysis procedures. 

Minimum bolt margins of safety are + 0.26 for the hoop splices and + 0.49 for 
the longitudinal splices. 
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TABLE IX ISOGRID RIB BUCKLING EQUATIONS 
RIB PROPERTIES 

f--bbir 

~lr ~RITICAL ELEMENT ~ 
=::; 

! 
d 

i 
UNCAPPED CAPPED 

TABLE VIII ISOGRID SKIN POCKET BUCKLING EQUATIONS 
SHELL PROPERTIES 

t-wl~e
 
L-~f
 

d
 

b  - \I
-t 

UNCAPPED N~~ = 0.616 Et (1 + tt)(b/d)2 

BENDING 

tt = bd/th; ~ = weith 
". 
". 

, t 2 
Ncr = 10.2 Et(l + tt + ~) nBENDINGBUCKlING
 

SHEAR &
 ' 2 
Vcr = 23.1 Et(l + tt +~) * AlLOWANCE
 

TORQUE
 

LOADS 
SIMILAR TO THOSE IN TABLE & 

LOAD RATIOS 

BUCKLING N~r = 3.692 Et (1 + a + ~)(b/d)2CAPPED 

ALLOWABLE V~r = 0.533 Et (1 + a)(b/d)2 UNCAPPEDSHEAR 

& 

V~r = 3.199 Et (1 + a + ~)(b/d)2CAPPEDTORQUE 

LOADS & 
SIMILAR TO THOSE IN TABLE 6 

LOAD RATIOS 

INTERACTION (REFERENCE 1 ) RB +Rr<1.0 

RB + (Is + RT)2 <" 1.0INTERACTION (REFERENCE 5) 



HOOP SPLICE AT TOP AND BOTIOM t 
a TENS ION fRor~ 8M 

SHEAR fROM T 

TOP l SPLICE 

-'=" c.n SIDE SPLICE AT 1200 

HOOP SPLICE AT N.A. 
a TENSION fROM P 
a SHEAR fROM SAND T 

LONGITUDINAL SPLICE 
a TErmON FROM P 
a SHEAR FROM SAND T 
a BENDING MOMENTS AND AXIAL LOADS FROM FLOOR 

NOTE: KEY FOR LOADS IS: 
P - CABIN PRESSURE 

8M - DISTRIBUTED BENDING ~lOMENT 
T - DISTRIBUTED TORQUE 
S - DISTRIBUTED SHEAR 

Figure 16 FUSELAGE SHELL SPLICE LOADING CONDITIONS 

TABLE X SAMPLE CALCULATION FOR SPLICE 
LOADS (STA 847) 

ULTIMATE
 

LOADS
 

HOOP
 

SPLICE
 

AT
 

BODOM
 

G

HOOP (QNA)/I 0.0063 
SPLICE V(QNA)/I Win) 346 

AT TORQUE SHEAR (#/in) o 
NElJfRAL t SHEAR (#/in) 346 

AXIS PRESSURE LOADS (#/in) 60B 

LONGITUDINAL (Q120)/1 0.0058 

SPLICE V{Q120)/I Win) 318 

AT TORQUE SHEAR (#/in) o 

e '" 1200 t SHEAR (#/in) 318 
PRESSURE LOADS 1215 

LONGItUDINAL
 

SPLICE
 

AT
 

FLOOR
 

LOAD
 

MOMENT x 10-6
 

SHEAR x 10-6
 

TORQUE x 10-6
 

PRESSURE (PSI) 

(Yten)/I 

{tten)eff 

fb(tten)eff = MY{tten)eff/I (l/in) 

PRESSURE LOADS (l/in) 

TORQUE SHEARITORQUE 

TORQUE SHEAR (l/in) 

t AXIAL LOADS (l/in) 

(xt.G.~ X) = (XC.G. - 914.5) 

PITCHING ACCELERATION e 

NX 
NZ = O.00259(XCG - X)i + NZ C.G. 

Ny = 30.1 (.'"Z)(l/in) 

My = 64.8{ MZ)(in I/in) 

14,184 

54.9 

o 
11.25 

0.00027 

0.07. 

283 

608 
614.04 x 10.. 

o 
891 

-129.57 

o 
-1.50 

-1.50 

-45.1 

-97.2 



4.3.2 Cargo Floor/Fuselage Intersection 

The inherent bending stiffness of the isogrid fuselage wall is capable of re
sisting floor loads without adding frames as intermediary members. The analy
sis procedure includes selection of a critical floor load condition, definition 
of loads from the floor beam into the fuselage side wall, use of the DAC com
puter program NATlOCK to define the loads and stresses in the fuselage shell 
from the floor loads, and finally tailoring of the shell wall to match the 
loads defined by the NATlOCK program. 

The floor loads of Volume I were inspected and the critical condition for the 
fuselage shell wall determined (300 PSF floor loading over one 48 inch bay 
length at a 10.1 g load factor). This load, fanned out to 60 inches, results 
in a 1125 #/in ultimate vertical (down) loading at the floor line intersection 
into the shell wall. The NATlOCK program gave axial, shear and moment loads 
both in hoop and longitudinal directions. The hoop loads which are of interest 
are shown in Table XII. 

Candidate panel sections were selected, their properties computed and the least 
weight section meeting the loading requirements identified. The pertinent
equations for hoop stress in the skin and in the circumferential rib (Reference
l) are: 

(l) Skin hoop stress, 

cry = -My Ys/I + Ny/teff	 (4) 

(2)	 Hoop rib maximum stress 

E [ ] E YR [-u M + M] 01 = K{1-u2} - u Nx + Ny + D{1-u2 ) X Y (5) 

Hoop pressure stresses from the ultimate flight pressure of 12 PSI (differen
tial) were conservatively added to the above tension stresses. This procedure 
defined the magnitude and location of the shell side wall reinforcement shown 
in Figure 17. 

4.3.3 Transverse Floor Beam Truss Design 

A proposed transverse floor beam truss design used the isogrid shell wall for 
the lower cap and the floor as the upper cap. Consideration of the curved 
lower cap of the floor beam is required to define the shell. The curvature 
causes additional bending moments in the shell (outer cap) which required a 
difference equation solution. The actual analysis steps included selection of 
the loads, definition of the model, selection of the section, the difference 
equation solution, calculation of moments and stresses, and interpretation of 
the results. 

The critical floor load (Volume I) is 300 PSF at 10.1 gls ultimate. This floor 
load generates an approximately constant 46,000 pound tensile load through the 
entire lower cap. The actual truss is a twelve bay outer cap which was suitably
modelled as a five bay configuration. 

The governing equation, after simplification, is 
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TABLE XI CRITICAL FUSELAGE SHELL SPLICE LOADS
 

~ ...... 

./ 

HOOP
 
SPLICE
 

TENSION I SHEARSTATION COMMENT 
ULTIMATE (#/in) ULTIMATE (#/in) 

463 1725 MAXIMUM SHEAR LOAD 

703 1828 o MAXIMUM TENSION LOAD 

./ 

NOTE: * Critical load conditions 
are determined by the floor loads. 
see Volume I, Section II. 

LONGITUDINAL
 
SPLICE
 

SHEAR MOMENTTENSION 
STATION COMMENTS(#fin) (in #/in)1 (#fin) 

463 101. 7 1588 219.0 MAXIMUM MOMENT &SHEAR * 

847 1170 318 -97.2 MAXIMUM NEGATIVE MOMENT * 

847 1260 487 97.2 MAXIMUM COMBINED LOADS * 

1620 0 0 BURST PRESSURE (P) 

TABLE XII	 FUSELAGE SHELL HOOP LOADS DUE TO 
FLOOR LOADS 

FORCES 
e
 

SKETCH
 Ny My
(DEGREES) (#lin) (in #/in) 

+ 7 +980 

+ 2 30 -16 

60 -12 -175 

e 90 -35 -11 

+102115 +651 

125 +505 +666 

130 +759 +180 

133 +907 -319 

137 -340 -925 
I 

140 -214 -768 

145 -57 -582 

155 +68 -187 

+44180 +131 



2 2 
w+ d w + R M=0 
~rr (6) 

where 

w is the radial deflection, 

8 and R are coordinates, and 

Mis the bending moment. 
2 

In the difference equation solution, the term d ~ is written in terms of the 
de 

deflections on each side of a selected point i, as follows. 

d2w. 1 
~ = ~ [ - wi 2 + 16w. 1 - 30 w. + 16w'+1de' 12e' - 1- 1 1 

A set of simultaneous equations result which, when solved, give values of the 
deflections wi' Then, the moment at any station is obtained from 

M = - Eli [w. + d~i ] (8)
i ~ 1 de 

where the second differential is again expressed in terms of the deflections. 

The selected section is shown in Figure 18. The adjacent hoop ribs were con
sidered to act with the center rib through the diagonal interconnecting ribs. 
The resulting approximate stresses, including pressure, are also shown in 
Figure 18. 

4.3.4 Miscellaneous Analyses
 

Brief analyses were also made of the following areas:
 

o Out-of-round fuselage, Station 366 to approximately 511 

o High shear region under the wing 

o Aft fuselage, Station 782 to 1437 

These analyses showed that the isogrid wall could beam the pressure loads to 
the frames installed in the out-of-round fuselage; that the isogrid shell under 
the wing could support the wing drag loads; and that the aft fuselage isogrid 
shell general stability is adequate for the baseline applied distributed loads. 

4.4 ACOUSTICS 

The fuselage of an aircraft is exposed to external acoustic loads originating 
from the air flow over the vehicle (boundary layer noise) and engine noise. 
The characteristics of isogrid construction under these acoustic loads are of 
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interest for two reasons. These are the possible fatigue of the panels and the 
acoustic energy that will be radiated into the aircraft cabin. The acoustic 
fatigue problem is discussed in Section 4.1.4. The effect of isogrid construc
tion on internal acoustic levels are discussed below. 

4.4.1 Internal Acoustic Levels 

The aircraft cabin internal acoustic levels are highly dependent on the inter
nal acoustic treatment. For the purpose of this studYt it is assumed that the 
internal treatment will be equally as effective t easy to applYt economical and 
compact for isogrid as for the standard construction. This limits the discus
sion to the relative effectiveness of the structural types in transmitting 
noise. 

A method of evaluating the relative merits of two panels is to compare their 
transmission loss (TL). Transmission loss data is available for a 4 ft x 6 ft 
DC-lO structural panel and a curved 20" x 42" isogrid panel. Neither panel is 
identical structurally to that included in this studYt but the tests do give
insight into the relative behavior of the two structural configurations. 

Both tests were performed in a McDonnell Douglas facility by placing the panels 
in a window between available reverberant and anechoic chambers (Figure 19). 
Acoustic energy was introduced into the reverberation chamber and acoustic 
measurements were made on each side of the panel being tested. 

The DC-10 panel was of conventional aircraft construction and had a 0.071 inch 
thick aluminum skin. Four measurements were made on the reverberation chamber 
side of the panel and 7 on the anechoic chamber side six inches from the panel
surface. The acoustic levels measured on each side of the panel were averaged.
The differences t in dB t represent a measure of the transmission loss and are 
plotted in Figure 20. 

In addition t the standard mass law transmission losses have been added to the 
figure to aid in comparison. The reduction in transmission loss above 4tOOO 
Hz results from coincidence transmission (f = coincidence frequency). c 
The aluminum isogrid panel tested was curved and had a basic skin thickness of 
0.051 inches. Because of the size and the mounting method dictated by the 
curvature t the measurement method differed somewhat from that used on the DC-10 
panel. 

Measurements on the anechoic side were made with three microphones 2 inches 
from the panel. In the reverberation room t one measurement was made two inches 
from the center of the panel and two additional measurements were made out in 
the room. The TL was obtained by subtracting (in dB) the average of the 
anechoic room measurements from the average of the two measurements made out in 
the reverberation room above 1000 Hz. Below 1000 HZ t the measurement made at 
the panel less 3 dB (to account for reflections) was used to define the field 
in the reverberation chamber. The resulting TL is shown in Figure 21 along 
with the mass law transmission loss. 

Mass law transmission loss is a function of frequency and the surface density. 
The effectiveness of the two panel types can be compared by comparing the de
viation of each from mass law. This comparison can be made directly by reducing 
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Figure 20	 TRANSMISSION LOSS FOR TYPICAL AIRCRAFT PANEL 
(SKIN GAGE OF .071 IN.) 
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Figure 21	 TRANSMISSION LOSS FOR ISOGRID PANEL (SKIN
GAGE OF .051 IN.) 
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the transmission loss for the typical skin until its mass law is the same as 
that for the isogrid. This gives a direct comparison as shown in Figure 22. 

The transmission loss is higher in the low frequencies for the isogrid than 
for the standard panel. This results from the stiffness of the isogrid, the 
curvature of the panel and the smaller size of the panel. The data is not 
sufficient to determine if the lower transmission loss would exist for a total 
fuselage structure. 

The transmission loss is lower for the isogrid than for the standard panel in 
the high frequencies. The reasons for this are not as obvious. 

It is assumed that the inherently low damping of the isogrid would lower the 
TL. However, the mounting method used did introduce some damping into the 
structure. In addition, the coincidence effects will be much different for 
isogrid structure. 

Coincidence occurs where the trace velocity along a panel of an impinging
acoustic wave equals the propagation velocity of a bending wave in the panel. 
This results in matching the wave lengths as shown below. 

---- A panel 

The indicated matching maximized the response (joint acceptance) and results 
in a nearly transparent panel. However, since the velocity is a function of 
frequency, this effect will occur at only one frequency for a given angle of 
incidence. Likewise, it will oc~ur at only one angle for a given frequency. 
The net effect is that a panel has selective transmission as a function of 
frequency and angle above the coincidence frequency. The coincidence frequency 
is the lowest frequency where coincidence can occur. This is at grazing inci
dence and occurs where the bending wave velocity equals the speed of sound in 
air. 

The propagation velocity for a bending wave in a plate is: (Reference 5) 

(9) 
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where 

EI = bending stiffness 

p = surface density 

f = frequency 

and 

2 ( )1/2f - u e 
c - a 41T 2 EI 

(lO) 

where 

f 
C 

= coincidence frequency 

u a = speed of sound in air 

One of the structural advantages of isogrid is the high value of~. 
p 

If ~ 
p 

increases, f must decrease. The coincidence frequency for the isogrid strucc 
ture tested was calculated to be 1,200 Hz instead of 10,000 Hz for a 0.05 
panel. 

The low transmission loss of the isogrid structure in the higher frequency is 
primarily due to coincidence transmission. In addition to the obvious implica
tions, this would also dictate a much more detailed description of the acoustic 
field than is normally required because of the highly directional characteris
tics of the coincidence effect. 

For boundary layer excitation, coincidence occurs when the convection velocity 
in the boundary layer equals the bending velocity in the structure. This velo
city is sixty percent of the free stream velocity for high frequencies and. for 
subsonic flight (Reference 6). This reduces the coincidence frequency to 2500 
Hz for the standard construction considered here and 400 Hz for the isogrid. 

The calculated response for standard structure is much lower in the high fre
quencies for boundary layer excitation than for a reverberant field of the 
same level of excitation as shown in Figure 23 (calculated based on Reference 
6). The large decrease in the high frequency is attributed to a reduction of 
response above the coincident frequency. If this is the case, then the area 
of low response will be shifted down to around 400 Hz for the isogrid struc
ture and will result in low internal acoustic levels above 500 Hz due to bound
ary layer excitation. This conclusion must be confirmed by analysis and test. 

4.4.2 Conclusion 

Based on the limited data available, it appears that isogrid construction 
would be comparable to standard construction in the low and mid-frequency 
ranges. At the high frequencies (> 800 Hz), the low coincidence frequency 
results in a low random incidence transmission loss. However, the effect of 
this is highly dependent on the type of acoustic field encountered. It is 
assumed that isogrid would be equivalent to standard construction except for 
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the transmission at coincidence. Transmission at coincidence is dependent on 
the frequency and angle of incidence of the exciting field and may occur during 
the takeoff and landing portions of flight. During cruise, when the boundary
layer is the primary source, isogrid may be superior to standard construction. 

In general, it appears that isogrid would alter the problems encountered in 
predicting and controlling the internal acoustic levels. Ground and flight 
tests combined with a detailed analytical effort would be required to define 
the interior noise for a fuselage with isogrid structure and to reduce the 
noise to a point where acceptable levels are achieved. 

4.5 THERMAL INSULATION 

This section discusses the impact of isogrid fuselage construction on the C-15 
cargo compartment thermal insulation requirements. 

It was found that there was no need to change the thickness of insulation from 
that selected for conventional skin and stringer fuselage construction. Cargo 
compartment temperatures are not significantly affected but are very slightly
better. The major impact is an insulation weight saving of 300 "Ibs. This sav
ing is possible because a large number of fuselage frames have been eliminated. 
A considerably shorter developed length of insulation is therefore involved, 
since the insulation batts follow the interior contour for adequate attachment 
and insulation support. 

Insulation thickness in some aircraft is determined by acoustic rather than 
thermal considerations; however, this section is devoted only to thermal con
siderations. The same air conditioning system selected for the C-15 is re
tained for the isogrid study, and the same interior temperatures are required.
Original calculations and data used in the analysis are found in Reference 1 
of Volume 1. 

4.5.1 Insulation System Description 

The C-15 thermal insulation system comprises a four-inch thick batt of 0.6 
lb/ft3 fiberglass installed as shown in Figure 24. The insulation is compress
ed to one inch thickness wherever it passes over a frame, and follows frame and 
skin contours for attachment and support. Compression of the insulation has an 
adverse effect on insulating capability, but compression occurs only over a 
small percentage of the total fuselage. 

The insulation installation for isogrid fuselage construction is also shown in 
Figure 24 at a typical frame station. However, with the isogrid construction, 
there are only about 50% as many frames involved in the fuselage. There is 
thus a slight improvement in insulating capability and a rather significant
reduction in length of insulation batt, and thus in insulation weight. 

The cargo compartment thermal conductance for the C-15 with conventional skin 
and stringer construction has been calculated to be 634 BTU/hr-oF. The corres
ponding figure for isogrid construction is 618 BTU/hr-oF, i.e., 3% less. 
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4.6 

4.5.2 Air Conditioning Performance 

The C-15 is air conditioned with two C-14l refrigeration units. One-third of 
the total flow is delivered to the flight deck and two-thirds to the cargo com
partment. The flight deck thermal conductance is estimated to be 100 BTU/hr-oF.
Cargo c~npartment thermal conductances for conventional and isogrid construc
tions have been cited in the previous section. Other information needed to 
make performance predictions is given in Figure 25. Air conditioning system
performance calculated on the above basis is presented in Table XIII for both 
types of fuselage construction. 

It is evident from Table XIII that the thermal performance is not significantly 
affected by changing to the isogrid construction, but is very slightly better. 

WEIGHT ANALYSIS 

The fuselage shell aft of Station 366 was replaced by an isogrid shell which 
provided a significant reduction in frame weight in the cylindrical section of 
the fuselage, but provided a net increase of 436 lb. relative to the baseline 
fuselage shell. (Refer to Table XIV.) The unresized fuselage weight increase 
was held to 29B lb. due to the reduction in cargo floor weight by the use of 
boron infiltrated aluminum extrusions. 

Weight savings realized by selecting Wing Concept Number 1 for the wing
(Volume I, Figure 67), honeycomb cover panels for the horizontal stabilizer 
(Volume I, Figure 86), and honeycomb cover panels and reinforced spar caps for 
the vertical stabilizer (Volume I, Figure BB), offset the 298 lb. net weight 
increase of the fuselage. This allows the aircraft to be resized downward as 
shown in Table XV and Table XVI. 

The growth factors in Table XVII compare closely with the similar values shown 
in Volume I, Table XX. 

Amaterial description for the completely resized isogrid configuration is 
shown in Table XVIII. 

The cost weights and AMPR weights for the baseline, unresized, partially re
sized (fixed engine size) and the completely resized aircraft are tabulated in 
Table XIX. 
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TABLE XIII AIR CONDITIONING SYSTEM PERFORMANCE 

Case 
Condition 
MIL STD 210 Atmosphere 
Altitude Ft. 
Mack No. 

Ambient Conditions 
Pressure Psia 
Temperature of 

Compartment Temoerature 
Conventional Construction of 
Isoqrid Construction of 

STOl 
TAKEOFF 

Hot* 
0 

0.115 

14.7 
103.0 

83.0 
82.5 

CTOl 
CRUISE 
Hot* 

35,000 
0.070 

3.47 
-30.10 

72.00 
72.00 

CTOl 
DESCENT 
Hot* 

25,000 
0.602 

5.46 
6.70 

72.00 
72.00 

CTOl 
HOLD 
Hot* 

15,000 
0.24 

B.30 
44.90 

72.00 
72.00 

GROUND OPER. 
ON APU** 
Hot* 

° ° 

14.7 
103. ° 

76.5 
76.0 

*For correspondinq COLD day conditions engine bleed air is hot enough to maintain flight deck and 
cargo compartment at BO°F. 

**Mode1 GTCP85-1BOD APU (Generator electrical load of 40 kw). 



TABLE XIV ADVANCED CONCEPT STRUCTURAL WEIGHTS 

BASELINE 

(18.765) 

9.118 

9.647 

UNRESIZED 
% 

SAVED 

COMPLETELY 

RESIZED 

% 

SAVED 

PARTIALLY 

RESIZED 

% 

SAVED 

Wing (Concept '1) 

Box Structure 

Remainder 

(17 .763) 

8.116 

9.647 

5.3 

11.0 

0 

(17.473) 

7.977 

9.496 

6.9 

12.5 

1.6 

(17.307) 

7,908 

9.399 

7.8 

13.3 

2.6 

Horizontal Tail 

80x Structure 

Remainder 

(3.234) 

1.749 

1,485 

(3.031) 

1.546 

1.485 

6.3 

11.6 

0 

(3.003) 

1.532 

1.471 

7.1 

12.4 

0.9 

(2,983) 

1.522 

1.461 

7.8 

13.0 

1.6 

Vertical Tail 

Box Structure 

Remainder 

(3.460) 

1.475 

1.985 

(3.288) 

1.303 

1.985 

5.0 

11.7 

0 

(3.256) 

1.290 

1.966 

5.9 

12.5 

1.0 

(3.262) 

1.293 

1,969 

5.7 

12.3 

0.8 

Fuse1age * 

She11 (366-1437) 

Floor (366-982) 

Remafnder 

(24.367) 

7.625 

1.841 

14.901 

24.665 

8.090 

1.702 

14.873 

-1.2 

-6.1 

7.6 

0 

(24.609) 

8.090 

1.702 

14.817 

-1.0 

-6.1 

7.6 

0 

(24,612) 

8.090 

1,702 

14.820 

-1.0 

-6.1 

7.6 

0 

*Isogrfd Shell 

TABLE XV ISOGRID FUSELAGE AIRCRAFT DESCRIPTION 

VEHICLE DESCRIPTION BASELINE UNRESIZED 
COMPLETELY 

RESIZED 

PARTIALLY 

RESIZED 

Takeoff Weight - STOL (Lb) 150.000 150,000 147,872 147.992 

Wing Area (Ft2) 1,740 1,740 1.715 1,699 

Engine Description JT8D-17 JT8D-17 JT8D-17 Type JT8D-17 

Engine Thrust (Lb/Eng) 14,900 14,900 14.687 14,900 

Horizontal Tail Area (Ft2) 643 643 637 627 

Vertical Tail Area (Ft2) 462 462 458 458 

Horizontal Tail Length (In.) 743 743 743 743 

Vertical Tail Length (In.) 616 616 616 616 

Horizontal Tail Volume 1. 323 1.323 1.340 1.350 

Vertical Tail Volume 0.1235 0.1235 0.1250 0.1270 

Wing Loading (PSF) 86.2 86.2 86.2 87.1 

Thrust Ratio 0.3973 0.3973 0.3973 0.4027 

Fuel Fraction 0.1318 0.1390 0.1325 0.1325 

Fuselage Diameter (In.) 216 216 216 216 

Fuselage Length (In.) 1.318 1.318 1.318 1.318 
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TABLE XVI GROUP WEIGHT STATEMENT FOR ADVANCED STRUCTURE 
-

% COMPLETELY % PARTIALLY % 

8ASELI~E UNRESIZED 

SAVED RESIZED SAVED RESIZED SAVED 

Wing 18,765 17,763 5.3 17,473 6.9 17,307 7.8 

Horizontal Tail 3,234 3,031 6.3 3,003 7.1 2,983 7.8 

Vertical Tail 3,460 3,288 5.0 3,256 5.9 3,262 5.7 

Fuse1age (Isogri d) 24,367 24,665 -1.2 24,609 -1.0 24,612 -1.0 

landing Gear 7,741 7,741 0 7,631 1.4 7,637 1.3 

Flight Controls 3,966 3,966 0 3,931 0.9 3,912 1.4 

-
Propu 1sian 21,709 21,709 0 21,399 1.4 21,709 0 

Fue1 System 768 768 0 763 0.7 759 1.0 

APU 966 966 0 966 0 966 0 

Instruments 1,453 1,453 0 1,453 0 1,453 0 

Hydrau1 ics 1,436 1,436 0 1,424 0.8 1,424 0.8 

Pneumat; cs 340 340 0 340 0 340 0 

[1 ectri ca 1 1,736 1,736 0 1,736 0 1,736 0 

Avionics 2,045 2,045 0 2,045 0 2,045 0 

Furnishings 5,497 5,497 0 5,497 0 5,497 0 

Air Conditioning 837 837 0 837 0 837 0 

Ice Protection 254 254 0 254 0 254 0 

Hand1 i ng Gear 150 150 0 150 0 150 0 

Structural Weight (No. L.G.)* 53,922 52,843 2.0 52,379 2.9 52,260 3.2 

Structural weight (With L.G.)* 61,663 60,584 1.7 60,010 2.7 59,897 2.9 

Manufacturer's Empty Weight 98,724 97,645 1.1 96,767 2.0 96,883 1.9 

Opera tor lsI terns 4,510 4,510 -- 4,507 -- 4,505 --
Operator's Empty Weight 103,234 102,155 1.0 101,274 1.9 101,388 1.8 

Payload 27,000 27,000 -- 27,000 -- 27,000 --
Return Segment Fuel 19,766 20,845** -- 19,598 -- 19,604 --

T.'.nH W.inht _ STnI 150,000 150,000 -- 147,872 1.4 147,992 1.3 

·Inc1udes ~acel1e & Pylon Structure (4,096 Lh. for 8ase1ine); *. Extended MisSlon 



TABLE XVII GROWTH FACTORS FOR ADVANCED AIRFRAME
 

O'l 
N 

ITEM 
INITIAL 

WEIGHT 

REDUCTION AOEW 

COMPLETELY 

RESIZED 

llTOGW 

PARTIALLY 

RESIZED 

llOEW ATOGW 

Wing 

Horizontal Tail 

IVertical Tail 

Fuselage (Isogrid) 

Miscellaneous 

F1JPl 

I 

1,002 

203 

172 

- 298 

-

-

I 

1,292 

231 

204 

- 242 

475 

-

I 

I 

1,292 

231 

204 

- 242 

475 

168 

I 

I 

1,458 

251 

198 

- 245 

184 

-

I 

I 

1,458 

251 

198 

- 245 

184 

162 

Total Weight Reduction 

Growth Factor 

(Lb) 1,079 

-

1.960 

1.82 

2,128 

1. 97 

1 ,846 

1. 71 I 

2,008 

1.86 
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TABLE XVIII RESIZED STRUCTURE MATERIAL WEIGHT BREAKDOWN (#1 WING - ISOGRID FUSELAGE) 

BORON*GLASS, HIGHALlJ\INUMfILLER, ALUMINUMAL,UMI
ADHE

COMPONENT ATIACH,FlBER- NOT DENSITYSTEEL TITANIUM HONEY BORON TOTALHUM 
SIVES 

FORan~G FORGING ALlJ\IHUM 

(17 ,473) 

GLASS PAINT METALCOMB 

Wing Structure 

7,9777,800 

774 

177Box 

9,4962,884 1456701,7833,14793 

Horizontal Tail Structure 

1l••1oder 

(3,003) 

1,5321,195 114
 

Remainder
 

110113Box 

30444 1,471 

Vertical Tail Structure 

1,123 

(3,256) 

Box 1,290 

Remainder 

15 59 111 133 55*917 

1,966 

Fuselage Structure 

52 380 931,441 

(24,609 

Shell (Forward of 366) 20 251
 

Shell (366 to 982)
 5,398 

Shell (Aft of 982) 

5,242156 

2,6922,62666 

4,496 

Cargo Floor, Ramp &Supports 

2,22078681 1,517Other Primary Structure 

200320 2,990 5,794 

Remainder 

402 180 1,702 

263 5,958 

TOTAL 

232 4,889 327247 

48,3411,257 6,729 1,290 2,884 2472~089 31 ,774169 %1,702 

271 

145 



TABLE_XIX	 ADVANCED CONCEPT AIRFRAME (ISOGRID FUSELAGE) 
COST WEIGHT AND AMPR WEIGHT 

ADVANCED CONCEPT 
ITEMS BASELINE 

PARTIALLYCOMPLETELY 
UNRESIZED RESIZED RESIZED 

MANUFACTURER'S 
98,724 97,645 96,767 96,883EMPTY WEIGHT 

LESS 

ROLLING 
ASSEMBLY 

-3,349 -3,349 -3,301 -3,304 

ENGINES -13,320 -13,320 -13,130 -13,320 

COST WEIGHT E 82,055 80,976 80,336 80,259 

STARTERS -105 -105 -104 -105 

APU -410 -410 -410 -410 

INSTRUMENTS -578 -578 -578 -578 

BATTERY 
&A.C. SUPPLY 

-450 -450 -450 -450 

LESS 
AVIONICS 

(BLACK BOXES) -1,183 -1 ,183 -1 ,183 -1 ,183 

AIR 
CONDITIONING -242 -242 -242 -242 

UNITS 

HYDRAULICS 
(DROP OUT -71 -71 -71 -71 
GENERATOR) 

AMPR WEIGHT I 79,016 71,937 77 ,298 77 ,220 
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SECTION V 

MANUFACTURING METHODS 

5.1 METAL PROCESSES 

Integrally machined isogrid stiffened panels are proposed for the constant 
diameter section of the fuselage and the aft section where compound curvature 
is necessary on exterior mold lines. Conventional manufacturing processes 
will be used in the fabrication of these panels. 

5.2 METAL REMOVAL 

The isogrid stiffened panels will be machined from aluminum alloy plate stock 
which involves the removal of a large volume of material. Precision machining
is required to insure dimensional conformance and to meet surface finish re
quirements. The design of the isogrid panels is coordinated with manufacturing 
to obtain maximum efficiency when machining. Designing pockets with radii that 
permit correct tool loading, the use of repetitious grid patterns, and estab
lishing geometry of the patterns to meet machining and forming requirements
simplify manufacturing of the panels. 

5.2.1 Machining 

Multi-spindle numerically controlled machines are the primary machining techni
ques to be used to fabricate the isogrid panels. Direct computer controlled 
machines will be used to provide more rapid program verification capability and 
response to engineering design changes. The numerically controlled machines 
should use at least four spindles operating simultaneously for maximum effi 
ciency when machining repetitious grid patterns. Cutters using replaceable 
lockable carbide inserts will be used to provide the required surface finish 
and insure lower tool replacement costs. The cutters will have the capability 
to end cut, side cut, and undercut to machine both flanged and unflanged 
stiffeners. 

5.3 FORMING 

The forming of integrally stiffened panels, including isogrid, has been per
formed on brake presses and creep apparatus. The brake forming process is 
limited to producing simple contours only, and creep forming is expensive and 
constrained by part size. Forming by the process of shot peening is a promis
ing candidate for isogrid panels. 

The process of forming by shot peening is widely used among manufacturing in
dustries and many advances have been made through research and development.
Shot peening techniques were used to form many integrally stiffened panels for 
commercial and military aircraft. 

Advances made by MOe over the past year in the shot peen forming of isogrid 
panels to simple and compound contours support shot peening techniques as being
both economical and reliable. Shot peening tests were conducted on isogrid
panels having an overall thickness of 1/2 inch with an 0.063 skin gage. The 
isogrid panels were formed to a 118 inch axial radius and to a 90 inch spheri
cal radius, respectively. 
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On the aft section isogrid panels, where compound curvature is required, the 
isogrid will be designed similar to sheet metal layouts for conical shapes.
Isogrid axes will not be parallel in the flat plane, but will be oriented into 
parallel rows after forming. The exact geometry of the patterns will be de
termined empirically by coordinating machined patterns with shot-peen forming
of the panels into final contour. 

5.4 MANUFACTURING METHODS DEVELOPMENTS REQUIRED 

Further development of the process of shot peen forming of isogrid panels is 
the principal requirement for manufacture. Depending on the size of the 
panels, larger facilities may be required for heat treatment and chemical 
milling processes. 

In support of the concept of shot peen forming of isogrid fuselage skin panels, 
MDC has a development program in progress to evaluate and demonstrate the shot 
peen forming capability for contouring isogrid panels with stiffeners raised 
approximately one inch in height. Consideration must also be given to node 
areas and the degree and effect of stress distribution between peened and 
un peened areas. 
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SECTION VI 

NONDESTRUCTIVE INSPECTION 

6.1 NOI INSPECTION SENSITIVITY 

The discussion for NOI inspection of materials, as found in Section 9.1 of 
Volume I, is applicable to the isogrid fuselage shell structure. 

6.2 FABRICATION INSPECTION 

The wing box and empenna~e box structure NOI fabrication inspection discussion 
(Section 9.1.2, Volume I) is applicable for the airframe concept containing 
the isogrid fuselage shell. 

6.2.1 Isogrid Fuselage Shell 

The fuselage shell from Station 372 aft to Station 1437 is an integral isogrid 
concept. The material selected is the 7475-T76 aluminum plate. The longitud
inal and circumferential splice designs are shown in Figure 5. The skins would 
require an ultrasonic inspection before machining the isogrid pattern. The 
skins are machined and then are formed to contour by shot-peening. Penetrant 
inspection is then required on the completed panels. Penetrant or eddy-current 
inspection must be done at the critical splice joint attach holes. An ultra
sonic or eddy-current inspection device should be built into the isogrid ma
chining tool to measure the thickness of the skin (t) and web (b) (see Figure 
26). If the thickness measuring devices cannot be incorporated, then a sepa
rate inspection station is required to check the dimensions. 

6.3 IN-SERVICE INSPECTION 

The discussion on Special Visual Inspectable and Depot or Base Level Inspec
table structures in Section 9.2, of Volume I, is applicable for the isogrid 
fuselage shell. 
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SECTION VII
 

COSTS
 

Volume I of this report contains the detailed acquisition and life cycle cost 
analysis results of the baseline and of a new concept aircraft which incorpor
ates selected new design concepts and materials in the structure of the wing
and empennage boxes and the fuselage shell. The new concept aircraft in this 
case had a honeycomb sandwich fuselage shell. 

A second new concept aircraft, incorporating the same new design concepts for 
the wing and empennage boxes but an isogrid design concept fuselage shell, was 
analyzed in parallel to the same detail. All of the analysis data for this 
second aircraft is contained in this section with a summary presented in Volume 
I. The new concept aircraft was considered unresized and again as resized to 
take maximum advantage of the new concepts. The resized aircraft costs were 
calculated using a scaled engine based on the off-the-shelf baseline JTBD-17 
engine. The baseline aircraft incorporated new metallic materials, but not 
new design concepts and is described as the lIimproved baseline" in Volume I. 

The acquisition cost generated is the total of development and production
phase costs including all of the necessary supporting elements. The life cycle
cost includes projected operations and support costs. Total production quanti
ties of 100, 300, and 500 aircraft were considered. Production rates postula
ted for the three quantity programs were 3, 6, and 9 aircraft per month, 
respectively. 

The information available on the baseline aircraft and generated for the new 
concept aircraft during the study made possible a much more detailed analysis 
than is usually possible in a program of this type. Not only were precise
structural materials and concepts defined but also the manufacturing processes 
for fabrication and assembly. For the isogrid design concept, maximum advan
tage was made of the production background for isogrid spacecraft structures. 
The overall analytical process illustrated in Figure 27 was followed during 
this program. The key information documents were the engineering drawings for 
each structural component (see Section III) and the bid work sheets upon which 
the manufacturing, quality assurance, tooling, and planning estimates were 
accumUlated. 

7.1 ACQUISITION COSTS 

The acquisition costs are made up of the following resource elements within the 
two program phases: 

Development Production 

Air Vehicle Air Vehicle 
Project Management Project Management
Product Support Product Support
Test Spares Initial Spares
Packaging, Marking, Shipping Packaging, Marking, Shipping 
ECPS ECP 
Training/Trainers Training/Trainers
AGE AGE 
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Each of these elements was addressed separately during the study. The air 
vehicle production costs were estimated by a detailed industrial engineering 
approach made to analyze the fabrication and assembly of major parts. All 
costs reflect the analyses of the detailed shop standards, the detailed defi 
nition of materials and gages, the historical relationships between standard 
and anticipated actual hours, and the 1973 cost base used which held direct 
labor, overhead and G&A rates constant. 

7. 1.1 Labor Hours 

As explained in Volume I, bid worksheets were created and the separate planning, 
tooling, quality assurance, and manufacturing manhour estimates were recorded 
for each sequenced operation. Figure 28 shows five typical bid worksheets 
selected from the group that was used to develop the isogrid fuselage fabrica
tion and assembly estimates. Examples for the assembly are contained in the 
first three bid worksheets (isogrid barrel subassembly Station 590.232 
710.776, isogrid lower panel subassembly Station 710.776 - 982, and splice to 
frame wing area). Examples for fabrication are shown in the last two bid 
worksheets of the figure (segment fuselage shell constant section Station 559 
703 and segment fuselage shell non-constant section Station 366 - 463). The 
non-constant sections with double contours impact significantly on the fabri 
cation labor and become most severe in the aft fuselage. 

The direct production labor estimates for the baseline and the resized new con
cept aircraft are shown in Tables XX through XXV. Tables XX, XXI, and XXII are 
the cumulative average labor hours for the wing, horizontal tail, vertical tail, 
and fuselage of the baseline aircraft for 100, 300, and 500 aircraft quantities.
Tables XXIII, XXIV, and XXV are the same data for resized new concept aircraft 
with the isogrid fuselage. All estimates for the baseline components are the 
same as contained in Volume I. Although the design concepts for the wing, hor
izontal tail, and vertical tail of the new concept aircraft are the same as 
contained in Volume I, the extimates are slightly higher because of a reduced 
amount of resizing compared to the aircraft with the honeycomb fuselage. The 
IIremainderll was handled as described In Volume 1. 

7.1.1.1 Manufacturing - Additional complexity of the application of the iso
grid design concept to the fuselage shell from that experienced in spacecraft 
increased the fabrication cost significantly. These added complexities are 
the following: (1) variations in skin and rib thicknesses, (2) addition of 
flanges to the ribs, (3) variations in triangle pattern sizes, and (4) double 
contours and contour variations. The variations in skin and rib thicknesses 
and the triangle pattern sizes requires single spindle machining rather than 
ten-spindle machining as originally conceived at the beginning of the study. 
The addition of the rib cap flanges in some areas results in an increase of 
approximately three times the machine time per part. The initial machining 
pass within a pocket is reduced in size with the flange but can still be 
accomplished at high cutter speeds. Machining of the volume under the flange, 
however, involves a change to smaller and less rigid key cutters at a reduced 
feed rate and an increased number of passes. Forming of the panels to canplex 
contours and relatively small bend radii is a critical factor. In the center 
section, the radii are within experimentally derived limits and web buckling
and cracking do not appear to be a problem. For the aft fuselage, the web 
heights and smaller radii requirements are beyond presently defined limits. 
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aiD WORK SHEET I'AIIT NOI STA 590.232 - 710.776 (FUSE) 

PART HAMEl 

NEXT ASSEM: 

tNO ITEM: 

lSOGRI DBARREL SUBASSEMILYMATILI 

SIZ£: 

SPEC I 

TOTAL 
NO.REG. 

IeltG. I'L»I 
Ll:T. 

G.C. 
...TIL. 

PIlOt. 

TOOl. EST 

MF'G. EST. 

PAItT IUUlTItATICllh UNIT COST TOOl. COST 
NO oPERATION TOOl. tQUIPKN1' DE..,... 

SET-4JP rAIJ. ASS£M. DES. rAIJ. 
1 LOC PANEL '1 2.0 

2 LOC PANEL '2 2.0 

3 LOC PANEL 13 2.0 

A,-l!fJil) 1'1.7 
,; ~50 AWB-22-4 BOLT

--'--1 . 50 WCL-22 WASHER 
50 WPL-22 WASHER 

7 ....6 ..~ 50 LH746lT-048 NUT 14.6 

3 ® 
*APPROX. REQUIRED BOLTS 

~~ ~~ NOTE: DESIGN A.J. HOLD 3) PIEC SEGMENT. OlDIN NET o CIR UMFER NCE AT 

I'~;J 
STA 710.776 A.J. TO MILL SEGto1ENT AT STA 590; 32 AF ER AS EMBLY 

NOTE: BOLT HLS TO BE DR LlED F/: (MUST HAVE TOLER NeE N T NET FIT)

'1 ",NlIU- /If'TPjl$SV USE DRIFT PUNCH TO ALIGN BOLT Hl S FOR INST. 
1'.a 

WIlT COST SUMWI'( 

S£T~ tItS 

rAIl. tItS 

ASStM. tItS 

MATIL. • 
(YeLl: DAYS 

F;gure 28 TYPICAL BID WORK SHEET FOR ISOGRID FUSELAGE COST ANALYSIS 



PAltT ILWSTltATlClh 

..!U. 
:, 

Cool """ -~ 

~ 

BID WORK SHEET ~NO: STA 710.776 -·982 (FUSE) ICItG. PUN 
UTe 

O.C. 
~IIIT NAME: ISOGRID LOWER PANEL ASSEMBLY Sill _T'L. 

_T'L: TorM. 
NO.REO. NEXT ·ISS£M: f'ROC. 

SiZE: ----
TOOL £ST. 

SPEC: (11) ITEM: MFG. £ST. 

UNIT COST TOOL COST 
NO. OPERATION TOOL EQUIPMEHf DE". SET~ F'AII. ASSEM. DES. F18. 

1 LOC FWD PANEL H.F. HOIST Z.O 

Z LOC AFT PANEL H.F. HOIST Z.O 

84 LWB-22-4 BOLT HAND 

84 WCL-22 WASHER HAND 
84 WPL-2Z WASHER HAND 

:84 LH7461-T-048 NUT HAND 8.2 

NOTE: BOLT HOLES TO BE RILLED Ir-ULL SIZE 
(TOLERANCE REQUIRED) USE DRIFT F~CH FOR 
ALIGHMENT OF HL'S &BOLT 

' 

NOTE: TOOl DES 1GN. H.F 

IN A F ~ED POSITlmTOOL TO HOLD BOTH PANELS 
DURING ASSEMBLY OPERATIO • 

*APPROX. BOLTS REQUIRED 

F;gure 28 TYPICAL BID WORK SHEET FOR ISOGRID FUSELAGE COST ANALYSIS -- Continued 
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TABLE XX	 DIRECT PRODUCTION LABOR ELEMENT 
ESTIMATES BASELINE - 100 AIRCRAFT 
PROGRAM 

DIRECT LABOR HOURS PER AIRCRAFT1 

AIRCRAFT COMPONENT 
MANUFACTURING QUALITY 

ASSURANCE TOOLING PLANNING 

WING 
Box Structure 55,050 4,517 2,B60 3,853 
Remainder (Includes also 

Flaps, Ailerons, Balance 
Weights) 

71 ,968 6,235 7,970 5,038 

Subtotal 127,018 10,752 10,830 8,891 

HORIZONTAL TAIL 
Box Structure 9,136 760 731 640 
Remainder 9,641 842 1,291 675 
Subtotal 18,777 1,602 2,022 1,315 

VERTICAL TAIL 
Box Structure 
Remainder 

7,031 
11 ,751 

589 
1,033 

618 
1,660 

492 
823 

Subtotal 18,782 1,622 2,278 1 ,315 

FUSElAGE 
Fuselage Shell and 

Floor Panels 
42,923 3,706 3,990 3,005 

Remainder 67,556 5,833 6,279 4,729 
Subtotal 110,479 9,539 10,269 7,734 

REMAINDER OF AIRCRAFT 2 98,435 14,340 9,061 6,889 

TOTAL 373,491 37,855 34,460 26,144 

lCumu1ative average recurring estimated actual 
2Includes the following airframe systems: 

• landin9 gear (less rolling assembly) 
• flight controls 
• propulsion (less engine) 
• fue 1 sys tem 
• auxiliary power unit 
• instruments 
• hydraulics 

hours 
hours 

• pneumatics
• electrical• pneumatics • avionics• electrical • furnishings• avionics • air conditioning• furnishings • iCe protection• air conditioning • handling gear • ice protection 

TABLE XXI DIRECT PRODUCTION LABOR ELEMENT 
ESTIMATES BASELINE - 300 AIRCRAFT 
PROGRAM 

DIRECT LABOR HOURS PER AIRCRAFT1 

AIRCRAFT COMPONENT 
QUALITYMANUFACTURING ASSURANCE TOOLING PLANNING 

WING 
Box Structure 39,499 3,210 1,651 2,765
Remainder (Includes also 51 ,638 4,379 4,601 3,615

Flaps, Ailerons, Balance
Weights) 

91,TI7 7,589 6,252 6,380Subtotal 

HORIZONTAL TAIL 
Box Structure 6,594 540 422 462 
Remainder 6,958 593 745 487 
Subtotal 13,552 1 ,133 1,167 949 

VERTICAL TAIL 
Box Structure 5,075 418 357 355 
Remainder 8,482 727 958 594 
Subtotal 13,557 1,145 1,315 949 

FUSELAGE 
Fuselage Shell and 30,264 2,573 2,303 2,119 

Floor Panels 
Remainder 47,632 4,050 3,625 3,333 
Subtotal 77 ,896 6,623 5,928 5,452 

REMINDER OF AIRCRAFT2 68,517 9,838 5,231 4,796 

TOTAL 264,659 26,328 19,893 18,526 

1Cumulative average recurring estimated actual 
2Includes the following airframe systems: 

• landing gear (less rolling assembly) 
• flight controls 
• propulsion (less engine) 
• fuel system 
• auxil iary power uni t 
• instruments 
• hydraul i cs 

• handl i ng gear 



TABLE XXII	 DIRECT PRODUCTION LABOR ELEMENT 
ESTIMATES BASELINE - 500 AIRCRAFT 
PROGRAM 

DIRECT LABOR HOURS PER AIRCRAFT1 

AIRCRAFT COMPONENT 
QUALITY PLANNINGMANUFACTURING TOOLINGASSURANCE 

WING 
Box Structure 2,372 
Remainder (Includes also 

1,30533,889 2,745 
3,101 

Flaps, Ailerons, Balance 
Weights) 

Subtotal 

44,303 3,739 3,637 

~ ~m:m ~ 

HORIZONTAL TAIL 
Box Structure 5,673 463 334 397 
Remainder 506 589 419 
Subtotal 

5,9B7 
11 ,660 816969 923 

VERTICAL TAIL 
Box Structure 306 
Remainder 

2824,366 358 
757 511 

Subtotal 
7,297 620 

1,039 81797811 ,663 

FUSELAGE 
Fuselage Shell and 1,803 

Floor Panels 
Remainder 

1,8202,17825,753 

2,865 2,838 
Subtotal 

3,42940,533 
4,6414,6855,60766,286 

4,0564,1348,28257,951REMAINDER OF AIRCRAFT2 

15,80315,72322,320225,752TOTAL 

TABLE XXIII	 DIRECT PRODUCTION LABOR ELEMENT 
ESTIMATES RESIZED NEW CONCEPTS t 

ISOGRID FUSELAGE - 100 AIRCRAFT 
PROGRAM 

OIRECT LABOR HOURS PER AIRCRAFTl 

AIRCRAFT COMPONENT 
MANUFACTURING 

QUALITY
ASSURANCE TOOLING PLANNING 

WING 
Box Structure 
Remainder (Includes also 

Flaps, Ailerons, Balance 
Weights)

Subtotal 

36,535 
70,918 

l'OI,"453 

3,793 
6,219 

10,112 

2,311 
7,804 

10,115 

1,830 
4,964 

6,797 

HORIZONTAL TAIL 
80x Structure 
Remainder 

4,625 
9,549 

520 
825 

721 
1,230 

234 
664 

Subtotal 14,174 1,345 1,951 898 

VERTICAL TAIL 
Box Structure 
Remainder 

4,122 
11,629 

448 
1,022 

539 
1,644 

206 
814 

Subtotal 15,751 1,470 2,183 1,020 

FUSELAGE 
Fuselage Shell and 

Floor Panels 
64,225 9,148 5,929 3,365 

Remainder 67,181 5,800 6,244 4,703 
Subtotal 131,406 14,948 12,173 8,068 

REMAINDER OF AIRCRAFT2 97,844 14,256 9,027 6,849 

TOTAL 366,629 42,131 35,449 24,759 

lCumulative average recurring estimated actual 
2Inc1udes the following airframe systems: 

o landing gear (less	 rolling assembly) 
o flight controls 
• propulsion (less engine) 
o fuel system 
o auxiliary power unit 
o instruments 
o hydraulics 

hours 

o pneumatics 
o electrical 
o avionics 
o furnishings 
o air conditioning 
o ice protection 
o handling gear 

...... 
co 

lCumulative average recurring estimated actual 
21nc1udes the following airframe systems: 

• landing gear (less rolling assembly) 
• flight controls 
• propulsion (less engine) 
• fuel system 
o auxiliary power unit 
o instruments 
o hydrau1 ics 

hours 

o pneumatics 
o electrical 
o avionics 
o furnishings 
o air conditioning 
o ice protection 
o handling gear 



...... 
\0 

'Cumu'ative average recurring estimated actual
 
2Includes the following airframe systems:
 

o landing gear (less rolling assembly) 
• flight controls 
• propulsion (less engine) 
• fuel system
• auxiliary power unit 
• instruments 
• hydrauli cs 

TABLE XXIV DIRECT PRODUCTION LABOR ELEMENT 
ESTIMATES RESIZED NEW CONCEPTS, 
ISOGRID FUSELAGE - 300 AIRCRAFT 
PROGRAM 

DIRECT LABOR HOURS PER AIRCRAFT' AIRCRAFT COMPONENT 
MANUFACTURING QUALITY TOOLING PLANNINGASSURANCE 

WING 
Box Structure 25.072 2.579 1.334 1,256
Remainder (Includes also 50.887 4.375 4.505 3.562 

Flaps, Ailerons, Balance
Weights) 

75.959 6.954 5.839 4.818Subtotal 

HORIZONTAL TAIL 
Box Structure 3.402 367 416 170 
Remainder 6.891 585 7'0 482 
Subtotal 10.293 952 1.126 652 

VERTICAL TAIL 
Box Structure 3.066 325 311 153 
Remainder 8.399 --..EQ. 949 588 
Subtotal 11.465 1.045 1.260 741 

FUSELAGE 
Fuselage Shell and 45.371 6.297 3,423 2,377

Floor Panels 
Remainder 47.367 4,027 3,604 3,316 
Subtotal 92.738 10,324 7.027 5.693 

REMAINDER OF AIRCRAFT2 68.103 9.780 5.211 4,767 

TOTAL 258,559 29.055 20.463 16.671 

hours 

• pneumatics
• electrical 
• avionics 
• furnishings 
o air conditioning 
• ice protection
• handling gear 

TABLE XXV	 DIRECT PRODUCTION LABOR ELEMENT 
ESTIMATES RESIZED NEW CONCEPTS, 
ISOGRID FUSELAGE - 500 AIRCRAFT 
PROGRAM 

DIRECT LABOR HOURS PER AIRCRAFT' 

AIRCRAFT COMPONENT 
QUALITYMANUFACTURING TOOLING PLANNINGASSURANCE 

WING 
Box Structure 21,058 1,0542.159 1.055 
Remainder (Includes also 43,665 3,730 3.056 

Flaps. Ailerons. Balance
Weights)

Subtotal 

3.561 

b4;i23 4.615 4,llT~ 

HORIZONTAL TAIL 
Box Structure 326 3292.950 153 
Remainder 5615.928 492 408 
Subtotal 818 8908.878 561 

VERTICAL TAIL 
Box Structure 134 
Remainder 

2462812.678 
614 750 506 

Subtotal 
7,223 

6409969,901 895 

FUSELAGE 
Fuselage Shell and 2.024 

Floor Panels
 
Remainder
 

38.643 5.401 2.704 

2,822 
Subtotal 

3,41040,308 2.849 
4.8468.811 5.55378.951 

4,119 4.132REMAINDER OF AIRCRAFT2 8.23357.598 

24,646 14.29016.173TOTAL 220.051 

'Cumulative average recurring estimated actual 
2Includes the following airframe systems: 

• landing gear (less rolling assembly) 
• flight controls 
• propulsion (less engine) 
o fuel system 
• auxiliary power	 unit 
• instruments 
• hydrauli cs 

hours 

• pneumatics
• electrical 
o avionics 
o furnishings 
• air conditioning 
o ice protection 
o handling gear 



The most promising forming methods are shot peen and/or age forming. For this 
study, shot peen forming was selected for estimating but contingencies were 
included for uncertainties. The estimates also include installation of a 
suitable pocket filling material to support the ribs. Fabrication includes an 
allowance of 0.050 inches on some surfaces for chemical milling prior to form
ing to prevent "oil-canning" of pockets. 

7.1.1.2 Planning - Estimates of the direct planning hours were developed
after completion of the advanced planning bid worksheets and the recurring and 
non-recurring direct tooling hour estimates. Direct planning hours include 
fabrication, assembly, fabrication release, fabrication liaison, assembly re
lease, assembly liaison, and all other. Due to lack of visibility at initial 
stages, all tool requirements are not fully defined and some adjustments are 
usually needed to advanced planning estimates. An evaluation of historical 
data determined the applicable quantitative elements and the required judgment
al adjustments for the isogrid fuselage. 

The impact of the reduced number of parts primarily affects fabrication plan
ning but, in turn, affects other planning functions. The liaison planning 
effort, however, is less a function of number of parts as geographical plant 
locations. Since facility requirements and planning were not included in this 
study, any beneficial effects are not included. Overall reduction of parts 
was reflected in the fabrication planning estimates through a reduction of 30 
percent. Further reductions could result from additional definition of facili 
ties layouts and numerical control software requirements. 

7.1.1.3 Tooling - Non-recurring and recurring tooling hours were estimated 
based on historical data without influence of the C-15 design-to-cost activity.
This was done to provide a direct comparison with contemporary structural de
sign concepts. The tooling estimates for the isogrid fuselage shell considered 
the manufacturing methods and tool requirements in the detailed advanced plan
ning bid worksheets. Although there was the reduction in numbers of tools re
quired, the remaining tools in most instances are larger and more complex. The 
isogrid panels (as well as the integrally stiffened panels of the wing and 
empennage boxes) require larger size holding, hoisting, and transporting racks 
and fixtures, more complex cutting tools, and vacuum chucks as part of the 
holding fixture. All tools of this type would be specifically designed for 
and dedicated to this program. The complexity of numerically controlled pro
gramming was anticipated to increase. 

7.1.1.4 Quality Assurance - The Quality Assurance (QA) estimates were based 
on the assumption that existing military specifications will be applicable.
Therefore, the labor estimates are consistent with existing requirements for 
receiving inspection and process control for the baseline and the unchanged
portion of the new concept aircraft. 

The QA labor was estimated to almost double for the isogrid fabrication com
pared to the baseline. This is because of the need to include a large amount 
of NDI with routine fabrication inspection and dimensional checking. Penetrant 
inspection will be required on all parts. Also, prime plate stock is required 
involving additional inspection. Tooling inspection increased commensurate 
with the tool complexity. 
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7.1.1.5 Other labor - Engineering, flight test, and product support hours 
were estimated by the procedures described in Volume I involving consideration 
of the effects of the design concept and historical experience. 

7.1.2 Material Costs 

The procedures for calculating the material costs of the isogrid fuselage are 
described in Volume I. Material unit costs and utilization factors used are 
shown in Table XXVI. The low utilization factor for 7475 prime plate reflects 
the large amount of material machined away in isogrid. The resulting effective 
material cost is $12.25 per pound of finished panel (unit cost divided by the 
utilization factor). After cleaning and shipping, chip recovery would return 
about 5 cents per pound and reduce the cost per finished pound to $12.05. This 
off-set has not been included in the total material cost calculations shown in 
Tables XXVII through XXXIV. Raw material and purchased part costs per aircraft 
for the 100, 300 and 500 aircraft programs are summarized in Tables XXXV and 
XXXVI for the baseline and resized new concept aircraft, respectively. For the 
300 aircraft structural components, the cost of material increased from $5.61 
per pound for the baseline to $7.92 per pound for the new concept aircraft. 
For the fuselage only, this cost increased from $3.65 per pound to $7.70 per
pound. Tooling, product support and other material costs were estimated as 
described in Volume I with adjustments for the isogrid concept. 

7.1.3 Subcontracts and RDT&E 

The baseline engine costs for the JT8D-17 were scaled down by the thrust ratio 
for the resized new concept aircraft. Avionics costs are the same as in Volume 
1. 

The air vehicle costs for the 100, 300, and 500 aircraft programs were appor
tioned to research, development, test and evaluation (RDT&E) on the basis of 
five aircraft being produced utilizing RDT&E funds for each program. Table 
XXXVII summarizes these costs. These estimates are constant for each of the 
three aircraft except for peak production rate variation effects on non
recurring tooling and non-recurring planning. A profit of 8 percent has been 
applied to all the material and labor elements of cost for both the development
and production phases. Because engines and avionics are usually considered as 
GFE, no profit is applied to them. 

7.1.4 Air Vehicle Production Costs 

The air vehicle production cost estimates for the baseline, unresized new con
cept, and resized new concept aircraft are shown in Table XXXVIII. The total 
procurement subtotal is for the program aircraft quantities noted minus the 
RDT&E costs for the five aircraft included in Table XXXVII. The unit prices 
shown are the flyaway cumulative average prices for each production quantity. 

7.1.5 Other Acquisition Costs 

Other elements of acquisition costs were estimated as described in Volume I. 
Table XXXIX summarizes the total acquisition costs for the baseline and new 
concept aircraft with the isogrid fuselage for the three quantities of aircraft. 
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TABLE XXVI MATERIAL UNIT COST 

Material Type $/Lb Utilization 
Factor 

Fiberglass &Glass 2.78 0.59 

Adhesive 25.66 0.83 

Aluminum - 7075 Forging 2.46 0.25 

Aluminum - 2024. 7075 
Sheet. Plate. Extrusion 

1.64 0.81 

Aluminum - Honeycomb 8.17 0.83 

Aluminum - 7475 
Sheet &Prime Plate 

Aluminum - 7050 

2.45 0.20 

Sheet &Plate (Mostly Sheet) 1.78 0.81 

Aluminum - 7050 Extrusion 2.05 0.81 

Aluminum - 7050 Forging 3.07 0.25 

Aluminum - 7049 Forging 2.64 0.25 

Aluminum - 7475 Sheet &Plate 1.81 0.81 

Steel 1.43 0.35 

Titanium 9.19 0.37 

Boron - Aluminum 
(With 7050 Extrusion) 

7.72 0.67 

Boron 88.88 0.71 

Other (Filler, Attachments. 
Paint. Balance Weight) 

4.87 1.00 
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TABLE XXVII WING COMPONENT RAW MATERIAL COST 
ESTIMATE, BASELINE - 300 AIRCRAFT 
PROGRAM 

MATERIAl CATEGORY 

Fiberglass 1\ GI ass 

Adhesive 

Aluminum - 7075 Forging 

Aluminum - 2024. 7075 
Sheet. Plate. Extrusion 

AIWllinum - 7050 
Sheet" PI ate (Mostly Sheet) 

Ai wninurr, - 7475 Sheet" Plate 

AIUlllinum - 7049 For9ing
(X) 
Co\) Aluminum - 7050 Forging 

Aluminum - 7050 Extrusion 

Boron - Aluminum 
(With 7050 Extrusion) 

Aluminum - Honeycomb 

Steel 

Titanium 

Boron 

Other (Filler, Attachments. 
Paint. Balance Weight) 

Total 

1 CUIIlulative Average Estimate 

MATERIAL WEIGHT - LB 

DESIGN I PURCHASED 

786 1,336 

3.197 12.788 

1.811 2.228 

3,827 

1,987 

3.111 

2.444
 

1,731
 6,924 

1,746 6,984 

681 974
 

2,930
 7,9l1 

785 785 

18,765 46.201 

COST I 
JAlIUARY 1973 

DOLLARS 

3.714 

31,458 

3,654 

6.812 

4.424
 

18,279
 

21,441
 

2,747 

72.702 

3.823 

169.054 

TABLE XXVI II HORIZONTAL TAIL COMPONENT RAW 
MATERIAL COST ESTIMATE, BASELINE 
300 AIRCRAFT PROGRAM
 

MATERIAL CATEGORY 

Fiberglass to Glass 

Adhesive 

Alulllinum - 7075 Forging 

Aluminum - ':024. 7075 
Sheet, Plate. Extrusion 

Al umi num - 7050 
Sheet" Plate (Nostly Sheet) 

Aluminum - 7475 Sheet" Plate 

Aluminum - 7049 For9ing 

Aluminum - 7050 Forging 

Aluminum - 7050 Extrusion 

Boron - Aluminu.'r. 
(With 7050 Extrusion) 

Aluminum - HoneYCOlllb 

Steel 

Ti tanium 

Boron 

Other (Filler. Attachments, 
Paint. Balance Weight) 

Total 

I Cumulative Average Esti8ate 

MATERIAl WEIGHT - LB 

DESIGN I PURCHASED 

307 

1,134 

1.073 

55 

536 

1.228 

1,395 

1.320 

220 

659 

129 

3,234 

129 

4,951 

COST1 
JAIlUARY 1973 

DOLLARS 

3,021 

2,288 

2.350 

581
 

1,351
 

628 

10,219 



VERTICAL TAIL COMPONENT RAW 
TABLE XXIX MATERIAL COST ESTIMATE, BASELINE 

- 300 AIRCRAFT PROGRAM
 

MATERIAL CATEGORY 

Fiberglass r. Glass 

Adhesive 

A1111rinUlll - 7075 Forging 

Aluartnum - lOl4. 7075 
Sheet. Plate. Extrusion 

A1U1rinUIII - 7050 
Sheet & Plate (Mostly Sheet) 

Al ..inum - 7475 Sheet & Plaa 

Alum1nUlf. - 7049 Forging 
00 

Aluartnum - .7050 Forgin9 

Al ..i num - 7050 Extrus ion 

Boron - A1uminlEl 
(IIi til 7050 Extrusion) 

Allainum - Honeycomb 

Stl:E'l 

lttanillll 

Boron 

Other (Filler. Attactunents. 
Pair,t. Balance Weight) 

Total 

~ 

MATERIAL WEI GHT - LB
 

DESI~ I PUROtASED
 

384 1.536 

1.455 1.790 

890 1.094 

61 l44 

445 547 

94 134 

131131 

S.4;Jfi3.460 

COSTl 
JAnUARY 1973 

DOlLARS 

3.779 

l.936 

1.947 

644 

1.121 

378 

638 

11.443 

L. I, I I 

1 '-lative Average Estimate 

FUSELAGE COMPONENT RAW MATERIAL
 
TABLE XXX COST ESTIMATE, BASELINE 

300 AIRCRAFT PROGRAM 
I'ATERIAL CATEGORY 

Fiberglass r. Glass 

Adhesive 

A1.inum - 7075 Forging 

Aluminum - lOl4. 7075 
Sheet. Platl'. E<ttrusion 

A1U1rinum - 7050 
Sheet & Plate (~~ostly Sheet) 

Aluminum - 7475 Sheet & Plate 

Aluminum - 7049 Forging 

Aluminum - 7050 Forgin9 

Aluminum - 7050 Extrusion 

Boron - Aluminum 
(With 7050 ExtrJsion) 

Aluminum - Honeycomb 

SteEl 

litanillll 

Boron 

Other (Filler. Attachments. 
Faint. Balance Weight) 

Total 

1 Cumu1ative Average Es time:te 

MATERIAL WEIGHT - L8 

DESIGN 

1.315 

I PUROlASED 

2.236 

12.679 15.595 

644 

2.862 

5.280 

792 

11.448 

6.494 

527 

240 

754 

648 

&20 

24.367 

alO 

38.787 

COSTl 
JAflUARY 1973
 

IlOI.1.ARS
 

6.216 

!!i.576 

1.434 

30.223 

13.313 

2.126 

5.955 

3.994 

88.837 



HORIZONTAL TAIL COMPONENT RAW 
TABLE XXXII MATERIAL COST ESTIMATE, RESIZED 

NEW CONCEPT - 300 AIRCRAFT PROGRAM 

IlATERIAL CATEGORY 
IlATERIAl \/EIGHT - LB CDSTI 

JAlIUARY 1973 
DOLLARSDESIGN PURCHASED 

Fiberglass & Glass · - -
Adhesive 110 132 3,387 

AluminUIII • 7075 forging 304 1.216 2.991 

A1U11llnum • 2024. 7075 
Sheet. Plate. Extrusion 1.123 1.381 2.265 

Al ....lnlJl - 7050 
Sheet & Plite 929 1.142 2.034 

AluminUl1l - 7475 Sheet & Plate - . -
Al..in... - 7049 forging - - -
AluainUlll - 7050 forging - - -
AllininUlll - 7050 Extrusion 266 327 671 

Boron • Al ....in... 
(WI th 7050 Extrusion) - . -
Aluminum - HoneycOilb 11. 137 1.119 

Steel - - . 
TitanilJl · -. -
8oroll · - -
Other (filler. Attaclulents. 
Faint. a.lanel' Weight) 157- 157- 764-
Total 3.003 4.492 13.231 

CD 
U"I 

WING COMPONENT RAW MATERIAL COST 
TABLE XXXI ESTIMATE, RESIZED NEW CONCEPT 

- 300 AIRCRAFT PROGRAM 
MATERIAL UUGHT - LB COSTI 

MATERIAl CATEGORY jAII<JARY 1973 
DESIGN I PUHCIIASED UOlLARS 

fiberglass £ Glass 774 1.316 3,658 

Adheslve 

Aluminum - 7075 For9in9 3.147 12,S68 30,961 

Aluminum - 2024, 7075 
Sheet, Plate. Extrusion 1,783 2.193 3.597 

Aluminum - 7050 
Sheet ~ PI ate 2.886 3.550 6.319 

Al uminum - 7475 Sheet & Plate 1,842 2,266 4,101 

Aluminum - 7049 Forging 1,452 5.808 15.333 

Aluminum - 7050 Forging 

Aluminum - 7050 Extrusion 

Boron· AlumintJII 

1,620 6,48f! 19,893 

(With 7050 Extrusion) 

Aluminum - HoneycOtllb 

SUoel 670 958 2,702 

TH.nl .... 

Boron 

2,884 7,787 11,560 

Other (Filler. Attachments. 
Faint. Bal.nce Weight) 415 415 2,021 

Toul 17 .473 43,361 160,151 

1 Clnullthe Average EstilUte1 Cumulative Aver.ge Estl.... te 



flATERIAL CATEGORY 

fiberglass (. Gl ass 

Adhesive 

Aluminum - 7075 Forging 

Aluminum - 2024, 7075 
Sheet, Plate, Extrusion 

Aluminum - 7475 
Sheet & Prime Plate 

Aluminum - 7475 Sheet &Plate 

Aluminum - 7049 Forging 

00 Aluminum - .1050 Forging 0'1 

Aluminum - 7050 Extrusion 

Boron - Al!Jllli num 
(Wi th 7050 Extrus i on) 

Aluminum - Honeycomb 

Steel 

Titanium 

Boron 

Other (Filler, Attachments, 
Pairot, Balance Ueight) 

Total 

TABLE XXXII I 
VERTICAL TAIL COMPONENT RAW 
MATERIAL COST ESTIMATE, RESIZED 
NEW CONCEPT-300 AIRCRAFT PROGRAM 

"'ATERIA!. CATEGORY 
MATERIAL \IEIGHT - LB COST 1 

JAlIUAHY 1973 
COLLARSIlESIGIl I PURCHASED 

fiber9lass ~ Gl ass 

Adhesive 59 71 1,822 

Aluminum - 7075 Forging 

Aluminum - 2024, 7075 

380 1,520 3,739 

Sheet, PI ate, Extrusion 

Aluminum - 7050 

l,Ul 1,772 2,906 

Sheet & Plate 

Alvrninum - 7475 Sheet &Plate 

Aluminum - 7049 Forging 

Aluminum - 7050 Forging 

800 984 1,751 

Aluminum - 7050 Extrusion 

Boron - Al umi num 
(With 7050 Extrusion) 

228 280 575 

Aluminum - Honeycomb 133 160 1,307 

Steel 

Titanium 

-93 133 375 

Boron 55 77 6,844 

Other (Filler, Attachments, 
Paint, Balance Weight) 67 67 326 

Total 3,256 5,064 19,645 

ISOGRID FUSELAGE COMPONENT RAW 
TABLE XXXIV MATERIAL COST ESTIMATE, RESIZED 

NEW CONCEPT - 300 AIRCRAFT PROGRAM 
MATERIAL WEIGHT - LB 

DESIGN I PURCHASED 

1,315 Z02J6 

9,545 11,740 

7,868 39,340 

2,787 11,148 

102 125 

',702 2,553 

527 754 

763 763 

24,609 68,659 

COSTI 
JAlIUARY 1973 

DOLLARS 

6,Z}S 

19,254 

108,972 

29,431 

19,109

2,125 

3,116
 

189,679
 

- 'I I I 

1 Clrnulative Average Estimate 
1 C""'Jlative Average Estimate 

256 
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• pneumatics
• electrical 
• avionics 
• furnishings

• ice protection
• handling gear 

TABLE XXXV RAW MATERIALS AND PURCHASED PARTS 
SUMMARY BASELIN~ 

DESIGN COST JANUARY 1973 DOLLARS ' 
AIRCRAFT COMPONENT WEIGHT 100 ACFT 300 ACFT 500 ACFT

LB PROGRAM PROGRAM PROGRAM 

WING 
Box Structure 9,118 63,342 53,600 49.596 
Remainder (Includes also 9.647 136,437 115,454 106.828 

Flaps. Ailerons. Balance 
Weights) 

199,779Subtotal 1"lf:765 169.054 156.524 

HORIZONTAL TAIL 
Box Structure 1.749 5,549 4.696 4.345 
Remainder 1,485 6.527 5.523 5,110 
Subtotal 3.234 12.076 10,219 9.455 

VERTICAL TAIL 
Box Structure 1.475 4.836 4.097 3.791 
Remainder 1.985 8.681 7.346 6.797 
Subtotal 3.460 13.517 11.443 10.588 

FUSELAGE 
Center Fuselage Shell. 7.002 23.371 19.777 18.299 

Floor Panels (Sta.
366-982)

Aft Fuselage Shell 2.464 9.838 8.325 7.703 
(Sta. 982-1437) 

Remainder 14.901 71.773 60.735 56,198 
Subtotal 24.367 104.982 88.837 82.200 

REMAINDER OF AIRCRAFT2 32.229 588.817 498.260 461.035 

TOTAL 82.055 919.171 777.813 719.802 

'Cumulative average estimate
.2Includes the following airframe systems: 

• landing gear (less rolling assembly) 
• flight controls 
• propulsion (less engine) 
• fuel system
• auxiliary power unit 
• instruments 
• hydraulics 

• air conditioning

RAW MATERIALS AND PURCHASED PARTS
TABLE XXXVI SUMMARY RESIZED NEW CONCEPT 

-ISOGRID FUSELAGE 
JANUARY 1973 DOLLARSDESIGN COST 

' AIRCRAFT COMPONENT WEIGHT 
LB 

100 ACFT 
PROGRAM 

300 ACFT 
PROGRAM 

500 ACFT 
PROGRAM 

WING 
Box Structure 7.977 54,961 46.508 43.033 
Remainder (Includes also 

Flaps. Ailerons. Balance
Weights) 

9.496 

- 

134.297 

-- 

113.643 

-- 

105.153 

-- 
Subtotal 17 .473 189.258 160.151 148.186 

HORIZONTAL TAIL 
Box Structure 1.532 9.172 7.761 7,181 
Remainder 1.471 6.464 5.470 5.061 
Subtotal 3.003 15.636 13.231 12.242 

VERTICAL TAIL 
Box Structure 
Remainder 

1.290 
1.966 

14,621 
8.595 

12.372 
7.273 

11.448 
6,730 

Subtotal 3.256 23.216 19.645 18.178 

FUSELAGE 
Center Fuselage Shell. 

Floor Panels (Sta.
366-982)

Aft Fuselage Shell 
(Sta. 982-1437)

Remainder 

7.100 

2.692 

14.817 

109,986 

43.360 

70.803 

93.071 

36.691 

59.914 

86.118 

33.950 

55.437 
Subtotal 24.609 224.149 189.676 175.505 

REMAINDER OF AIRCRAFT2 31.995 584.542 494,643 457.688 

TOTAL 80.336 1.036.801 877 .346 811.799 

'Cumu'ative average estimate
 
2Includes the following airframe systems:
 

• landing gear (less rolling assembly) 
• flight controls 
• propulsion (less engine) 
• fuel system
• auxiliary power unit 
• instruments 
• hydraulics 

• pneumatics
• electrical 
• avionics 
• furnishings
• air conditioning
• ice protection
• handling gear 
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TABLE XXXVII AIR VEHICLE RDT&E COST ESTIMATE COMPARISON 
(NEW CONCEPTS - ISOGRID FUSELAGE) 

100 AIRCRAFT PROGIWl 300 AIRCllAFT PROliRM 500 AIIltRAFT PRO&IlM 
RESOURCE El£IE1fT UIIlES IZED RESIZED u.ESIZED RESIZED IIlESIZED 

IEII~WElIIIE IEII COlICEPT IIEII COIEEPT 
BASEliNE 

IEII COIEEPT IEII COIItEPT BASEliNE IEII COIICEPT 

LABOR 
MllJFACTURIIli 83.0 83.3 82.5 83.0 83.3 82.5 83.0 83.3 12.5 
TOOlIIli 51.0 53.5 53.0 75.5 79.0 78.3 93.5 97.6 97.0 
PlANIIING 10.2 9.9 9.3 16.3 15.9 15.3 21.8 21.2 20.4 
QUALITY ASSURAM:E 9.4 10.9 10.9 19.5 22.0 21.9 27.2 30.9 30.7 
ENGINEERIIli DESIGN 153.9 138.6 138.5 153.9 138.6 138.5 153.9 138.6 138.5 
ENGIIlEERIIli lABORATORY 45.0 47.9 47.9 45.0 47.9 47.9 45.0 47.9 47.9 
FUGIlT TEST 33.8 36.0 36.0 33.8 36.0 36.0 33.8 36.0 36.0 
PROWCT SUPPORT 14.5 13.3 12.9 14.5 13.3 12.9 14.5 13.3 12.9 

SUBTOTAl2 400.8 393.4 391.0 441.5 436.0 433.3 472.7 469.0 465.9 

MATERiAl 
MllIIlFACTURIIli • RAIl MATERiAlS 

17.5 17.5AlII PURCHASED PARTS 17.5 19.7 19.7 19.7 19.7 19.7 19.7 
EQUIPMEIfT - INSTRlJEIfTS All> 

16.8 16.8SPECIAl EQUIPMEIfT 16.8 16.7 16.8 16.8 16.7 16.8 16.7 
TOOlING 4.2 4.4 4.4 5.5 5.8 5.8 6.5 6.8 6.8 
FLlGIlT TEST 5.3 5.6 5.6 5.3 5.6 5.6 5.3 5.6 5.6 
PRODUCT SUPPORT 12.3 11.6 11.4 12.3 11.6 11.4 12.3 11.6 11.4 

SUBTOTAl3 56.1 58.1 57.8 57." 59.5 59.2 58.4 60.5 60.2 

SUIlCOllllUlCTS 
EllGlNES 7.5 7.5 7.4 7.5 7.5 7.4 7.5 7.5 7.4 
AVIOllICS 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 

SUBTOTAL 9.7 9.7 9.6 9.7 9.7 9.6 9.7 9.7 9.6 

TOTAl PRICE 466.6 461.2 458.4 508.6 505.2 502.1 540.8 539.2 535.7 

'INCLUDES OVERHEAD. SM. OVERTII'E PREMI\JIl. DIRECT CHARGES. PROFIT 

201 RECT CHARGES. PROFIT 
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TABLE XXXVIII AIR VEHICLE PRODUCTION COST ESTIMATE COMPARISON 
(NEW CONCEPTS - ISOGRID FUSELAGE) 

100 AI RCRAFT PROGRAM 300 AIRCRAFT PROGRAM 500 AI RCRAFT PROGRAM 
RESOURCE ELEMENT BASELINE NEW CONCEPT BASELINE NEW CONCEPT BASELINE NEW CONCEPT 

UNRESlZED RESIZED UNRESIZED RESIZED UNRESIZED RESIZED 

LABOR 
1.797.7 1.780.4JWro'rACTURING 549.9 544.0 538.8 1.261.6 1.287.8 1,231 •.1 1.828.2 

TOOLING 131.2 137.5 136.3 194.0 203.2 201.4 240.5 251.0 249.5 
PLANNING 79.1 76.8 71.6 126.0 123.1 118.0 168.7 163.8 157.4 
QUALITY ASSURANCE 58.0 66.9 66.7 118.9 135.4 134.4 167.0 189.9 188.4 
ENGINEERING DESIGN 116.1 104.6 104.5 145.1 130.7 130.6 163.4 147.2 147.1 
ENGINEERING LABORATORY 3.1 3.3 3.3 5.1 5.4 5.4 5.5 5.8 5.8 
FLIGHT TEST 3.1 3.3 3.3 5.1 5.4 5.4 5.5 5.8 5.8 
PRODUCT SUPPORT 4.0 3.8 3.7 5.7 5.4 5.3 6.3 6.0 5.9 
SUBTOTAL 1 944.4 940.2 928.2 1.861.5 l,89ti.4 1,831.6 2.585.1 2.567.2 2.540.3 
MATERIAL 
~ANUFACTURING • RAW MATERIALS 

AND PURCHAsED PARTS 84.0 95.5 94.7 239.8 212.6 270.4 379.2 431.1 427.6 
EQUIPNENT - INSTRIHN1'S AND 

SPECIAL EQUIPMENT 97.9 97.9 97.2 304.0 304.0 301.8 510.1 510.1 506.4 
TOOLING 7.4 7.7 7.7 11.0 11.5 11.4 13.1 14.3 14.2
FLIGUT TEST 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PRODUCT SUPPORT 5 7 5 1 5.0 8.1 7.3 7.2 9.0 8.1 8.0 
SUBTOTAL 2 195.0 206.2 204.6 562.9 595.4 590.8 912.0 963.6 956.2 
SUBCONTRACTS 
mINES 142.5 142.5 140.5 442.5 442.5 436.2 742.5 742.5 73"i.9 
AVIONICS 42.5 42.5 42.5 131.9 131.9 131.9 221.3 221.3 221.3 
SUBTOTAL 185.0 185.0 183.0 574.4 574.4 568.1 963.8 963.8 953.2 

TOTAL PROCUREMENT 1.324.5 1.331.4 1.315.8 2,998.8 3,066.2 2.990.5 4,460.9 4,494.6 4,449.7 

UNIT PRICE3 13.942 14.015 13.851 10.165 10.394 10.137 9.012 9.080 8.989 

ROHE 466.6 461.2 458.4 508.6 505.2 502.1 540.8 539.2 535.7 

TOTAL AIR VEHICLE 1.791.1 1,792.6 1.774.2 3,507.4 3.571.4 3,492.6 5,001.7 5,033.8 4.985.4 

JANUARY 1973 DOLLARS. MILLIONS 
1INClUDES OVERHEAD. G&A, OVERTIME PREMIUM. DIRECT CHARGES, PROFIT 
2INClUDES DIRECT CHARGES. PROfIT 
3FlYAWAY PRICE ONLY 
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TABLE XXXIX ACQUISITION COST COMPARISON (NEW CONCEPTS - ISOGRID FUSELAGE) 

100 AIRCRAFT PROGRAM 300 AIRCRAFT PROGlWl 500 AIRCRAFT PROGRAM 
RESOURCE ELEMENT UNRESIZED RESIZED UNRESIZED RESIZED UNRESIZED RESIZEDBASELINE NEW CONCEPT I:EW CONCEPT IlASnlNE IIEW CONC EPT NEW CONCEPT IlASnlNE NEW COHCEPT NEW CONCEPT 

I£VElOPI£NT 
AIR VEHICLE 439.8 436.3 434.1 481.8 480.3 477.8 514.0 514.3 511.4 
PROJECT MANAGEf£NT 28.8 28.6 28.5 31.6 31.5 31.4 33.7 33.8 33.5 
PRODUCT SUPPORT 26.8 24.9 24.3 26.8 24.9 24.3 26.8 24.9 24.3 
TEST SPARES 28.3 28.1 28.0 30.8 30.8 30.6 32.8 32.8 32.6 
PK6. MRKG. SHPG. .9 .8 .8 .9 .9 .9 1.0 1.0 1.0 
ECPS 17.6 17.5 17.4 19.3 19.2 19.1 20.6 20.6 20.5 
TRAINING(TRAINERS 16.8 16.9 16.7 27.5 28.1 27.4 39.1 39.4 39.0 
AIiE. 15.8 15.9 15.7 40.3 41.2 40.2 66.6 67.1 66.5 

- - - --'.-- - - - - --
SlIlTOTAl. 574.8 569.0 565.5 659.0 656.9 651.7 734.6 733.9 728.8 

PRODUCTION 
AIR VEHIClE (PI£) 1,314.8 1,322.5 1,307.1 2,985.0 3,053.5 2,978.0 4,445.6 4,480.5 4,435.8 
PROJECT MANAGEMENT 23.0 23.2 22.9 52.2 53.5 52.1 17.8 78.4 17.6 
PRODUCT SUPPORT 9.7 8.9 8.7 13.8 12.7 12.5 15.3 14.1 13.9 
INITIAl. SPARES 116.2 116.6 115.3 294.8 298.9 293.2 460.9 463.0 458.3 
PKG. KRK6. SHPG. 3.5 3.5 3.5 8.9 9.0 8.8 13.8 13.9 13.7 
ECP 52.6 552.9 52.3 119.4 . 122.2 119.1 177.9 179.2 177 .4 
TRAINING/TRAINERS 25.2 25.4 25.1 41.2 42.1 41.1 58.7 59.2 58.5 
AIiE. 23.7 23.8 23.5 60.5 61.8 60.3 99.9 100.7 99.7 - - - - - --

SlIlTOTAl. 1,568.7 1,576.8 1,558.4 3,575.8 3,653.7 3,565.1 5,349.9 5,389.0 5.335.9 
- - - - - --

ACQUISITION TOTAL 2,143.5 2.145.8 2,123.8 4,234.8 4,310.6 4,216.8 6,084.5 6,122.9 6,063.9 

JIIJIUARY 1973 OOllARS, MIllIONS 



7.2 LIFE CYCLE COSTS 

7.2.1 Operating Factors and Maintenance Manpower 

The operational costs of the system were projected using the Air Force 
IIPlanning Aircraft Cost Estimating ll (PACE) model (Reference 7) for forces of 
100, 300, and 500 aircraft operating for 20 full force years without any phase
in or phase-out phenomenon. In the 100 aircraft case, 15 aircraft were with
held for pipeline advanced attrition and command and support purposes, 44 
aircraft were withheld for the 300 case, and 73 aircraft for the 500 case. The 
remaining unit equipment (UE) aircraft were organized into squadrons of 16 air
craft each. Since full squadrons could not be held for the 100 and 500 air
craft cases, fractional squadrons were used for these two cases to maintain 
data comparability. Each UE aircraft operates 900 hours per year. 

The most significant single component of operating costs is the personnel re
quired to operate the system. The determination of personnel begins with
establishing the anticipated maintenance manhours per flying hour for the air
craft under consideration in the operating environment. Table XL displays the 
estimated maintenance manhours per flight hour for the baseline aircraft and 
the unresized and resized new concept configuration. The airframe maintenance 
function manpower requirements shown vary in response to the changed mainte
nance requi rements as a result of the new concept structure. Whi 1e these 
estimates are preliminary, they are based upon detailed considerations of the 
structural problems and advantages associated with the various new concepts
used in the major structural portions of the airplane wing, horizontal stabil
izer, vertical stabilizer, and fuselage. As shown in the table, the mainte
nance manhours for propulsion are a function of the thrust level. Avionics 
maintenance was, of course, held constant. 

The results from the PACE model were used to provide a comparative total main
tenance analysis. These results are summarized in Table XLI. The changes in 
the maintenance man hours per flight hours per flying hour together with the 
changes in spares costs produce an increase of 35 million for the unresized 
new concept aircraft and $5.6 million for the resized new concept aircraft 
over the 1ife of the system. These increases are 1.5 percent and 0.2 percent, 
respectively, from the baseline aircraft. 

7.2.2 Total Life Cycle Costs 

The total life cycle costs for the baseline and the unresized and resized new 
concept aircraft are shown in Table XLII for 100, 300, and 500 aircraft in the 
total procurement period. The acquisition costs displayed here are from Table 
XXXIX. The operations and"support costs were derived from applying the PACE 
model utilizing the maintenance manhour per flying hour inputs and the spares 
support factors. Fuel cost was 15 cents per gallon as reported in AMF173-l0 
for fiscal year 1973. Although it is anticipated that fuel costs have now 
advanced to significantly higher levels the 1973 point was used to maintain 
comparability with the remainder of the cost data. 

7.3 NEW CONCEPT ECONOMIC BENEFITS 

The implicit labor and material cost complexity factors for the new concept 
aircraft with the honeycomb fuselage are described in Volume I. The 

91 
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MAINTENANCE MAN-HOURS 
TABLE XL PER FLIGHT HOUR COMPARISON 

NEW CONCEPTS - ISOGRID FUSELAGE) 
NEil CONCEPT 

MAINTENMCE BASELINE
FUNCTIONS AIRCRAFT l'NRESIZED RESIZED 

AIRFRAME 3.13 3.21 3.08 
PROPUlSION 3.62 3.62 3.58 
AVIONICS 1.77 1.77 1.77 

SUBTOTAl 8.52 8.60 8.43 
SERVICING 2.70 2.70 2.70 
CLEANING! 
CORROSION CONTROL 0.28 0.28 0.28 
SUPPORT OTHER 0.45 0.45 0.45 

SUBTOTAl 3.43 3.43 3.43 
PRE/POST FLIGHT 0.57 0.57 0.57 
PHASE (PH)
INSPECTION (LOOK) 0.98 0.98 0.98 

SUBTOTAl 1.55 1.55 1.55 

TOTAl 13.50 13.58 13.41 

REPLENISHMENT SPARES 

MODIFICATION/SPARES 

COMMON AGE/SPARES 

SYSTEM SUPPORT MATERIAl 

GEI~ERAL SUPPORT MATERIAL 

SUBTOTAL'0 
N 

MAINTENANCE PERSONNEL 

DEPOT MAINTENANCE 

SUBTOTAl 

TOTAl 

COMPARISON IIITH BASELINE 

JANUARY 1973 DOLLARS, MILLIONS 
256 OPERATING AIRCRAFT 

COMPARISON OF MAINTENANCE COSTS 
TABLE XLI FOR 300 AIRCRAFT PROGRAM 

(NEW CONCEPTS - ISOGRID FUSELAGE) 
NEW CONCEPT

BASELINEMAINTENANCE COST ELEMENT AIRCRAFT RESIZEDUNRESIZED 

290.3 

233.6 

31.7 

290.3 

188.9 

1,034.8 

588.1 

753.9 

1,342.0 

2,376.B 

1.000 

288.8295.4 

233.2239.1 

31.731.7 

288.8295.3 

187.1192.4 
~ 

1,029.61,053.9 

560.3565.3 

792.8792.8 

1,353.11.358.1 

-- '2,382.72.412.0 

1.0021.015 



TABLE XLII LIFE CYCLE COST COMPARISON 
(NEW CONCEPTS - ISOGRID FUSELAGE) 

RESOURCE ELEMENTS BASELINE 
NEW COHCEPT 

UNRESIZED RESIZED 

100 AIRCRAFT OUr..~:TITY 

2,143.5 

467.5 
434.9 
520.2 
250.3 

5.0 

214.3 
32.7 

2,145.8 

468.2 
427.3 
518.7 
263.2 

4.9 

213.5 
32.1 

1.927.9 
4,073.7 

4,310.6 

1,054.0 
1,287.0 
1,562.1 

792.8 
14.7 

643.3 
96.6 

5,450.5 
9,761.1 

6,122.9 

1,542.3 
2,146.7 
2.605.6 
1,322.4 

24.5 

1,073.0 
161.1 

8,875.6 
14.998.5 

2,123.8 

463.3 
425.6 
515.6 
263.2 

4.9 

211.9 
31.9 

ACQLlIS ITIO~I 
OPERATIC:1S ~.rlD SUP?ORT 

DIRECT 
MATERIALS/SPARES 
PERSOU::EL 
POL 
DEPOT HAINTEnt'U1CE 
MISCELLANEOUS 

INDIRECT 
BASE OPERATHIG SUPPORT 
PlMI:lING ADDITIVES 

SUBTOTAL 
LIFE CYCLE COST 

300 AIRCRAFT QUAtlTITY 

1,924.9 
4,068.4 

4,234.8 

1,035.1 
1,309.8 
1,566.7 

753.9 
15.0 

645.5 
98.5 

1,916.4 
4.040.2 

4.216.8 

1.029.6 
1.281.9 
1,552.9 

792.8 
14.6 

638.3 
96.0 

ACQUISITIml 
OPERATIO::S ANO SUPPORT 

DIRECT 
MATERIALS/SPA~ES 
PERSmmEL 
POL 
DEPOT ~·!AINTErIMICE 

MISCELLArlEOUS 
nmIRECT 

BASE OPERATHlG SUPPORT 
PLAWIING ADDITIVES 

SUBTOTAL 
LIFE CYCLE COST 

500 AIRCRAFT QUMITITY 

5,424.5 
9,659.3 

6,084.5 

1,536.6 
2,184.7 
2,613.2 
1,257.4 

25.0 

1,076.7 
164.3 

5,406.1 
9,623.0 

6.063.9 

1.528.8 
2,138.2 
2.590.2 
1.322.4 

24.4 

1.064.5 
160.2 

ACQUISITIOiI 
OPERATIO:;S AND SUPPORT 

DIRECT 
~~TERrALS/SPARES 
PERSo:mn 
POL 
DEPOT ~'A nrrn!AtlC£ 
HISCELLM1EOUS 

INDIRECT 
BASE OPER.~THIG SUPPORT 
PLArl:m;~ A!)OITI VES 

SUBTOTAL 
LIfE CYCLE COST 

8,857.9 
14,942.4 

8.82£.7 
14,892.6 

JArWARY 1973 DOLLARS - MILLIONS 
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corresponding complexity factors for the new concept resized aircraft with the 
isogrid fuselage are shown in Tables XLIII and XLIV for the 300 aircraft quan
tity. The labor factors range from 0.454 for wing box planning to 2.447 for 
fuselage shell quality assurance. Material cost factors range from 0.868 for 
the wing box structure to 4.706 for the fuselage shell structure. The wing
and empennage factors differ from those presented in Volume I slightly because 
of the difference in resizing between the honeycomb and isogrid fuselage air 
craft. The fuselage factors for the new concepts are significantly higher
than the baseline fuselage and the honeycomb fuselage. These higher factors, 
of course, reflect the impact of the isogrid design concept with its require
ments for machining from plate stock and the forming complexities. The two 
operations counteract the effect of the large reduction in number of parts. 
These conclusions are specifically for the AMST configuration and are not 
necessarily the same for other aircraft configurations having a longer constant 
section and a low wing location. The scaling factors, SF' necessary to deter
mine the cost coefficients, C ' as discussed in Volume I, may be determinedc 
from the component weights shown in Tables XXXV and XXXVI. 

The economic benefits of the new design concepts, in dollars, are listed in 
Table XLV for each structural component of the resized aircraft. Also shown 
in the table are the weights and the ratios of the cost changes to the weight 
changes. All of the components were reduced in weight and cost except the 
fuselage shell and floor. The new concept fuselage component increased 66.7 
percent in cost over the baseline and about $1,378 per pound of weight added. 
The cost for the wing box was reduced 34.5 percent, for the horizontal stabil 
izer box, 42 percent, and for the vertical stabilizer box, 29 percent. The 
respective cost savings per pound of weight saved were approximately $245, 
$263, and $174. Although the cost of the wing, horizontal stabilizer, and 
vertical stabilizer boxes was reduced $390,000, or 35 percent, the total for 
these and the fuselage shell and floor was increased $59,000, or about 3.3 
percent. This is because the cost of the new concept fuselage component in
creased $449,000 (66.7 percent) over the baseline. When the effects of resiz
ing of the remainder of the structure are included, the total cost of structure 
increased $31,000, or about 7 percent. 
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TABLE XLIII IMPLICIT LABOR COMPLEXITY FACTORS FOR RESIZED NEW CONCEPT AIRCRAFT 
RELATIVE TO BASELINE AIRCRAFT (ISOGRID FUSELAGE - 300 AIRCRAFT PROGRAM) 

AIRCRAFT COMPONENT MANUFACTURING QUALITY 
ASSURANCE TOOLING PLANNING 

WING 
Box Structure 
Remainder (Includes also Flaps, 

Ailerons, Balance Weights) 
Subtotal 

0.636 
0.985 

0.803 
0.999 

0.808 
0.979 

0.454 
0.985 

0.833 0.916 0.934 0.755 

HORIZONTAL TAIL 
Box Structure 
Remainder 
Subtotal 

0.516 
0.990 

0.680 
0.987 

0.986 
0.953 

0.368 
0.990 

0.759 0.840 0.965 0.687 

VERTICAL TAIL 
Box Structure 
Remainder 
Subtotal 

0.604 
0.990 

0.778 
0.990 

0.871 
0.991 

0.431 
0.990 

0.846 0.913 0.958 0.781 

FUSELAGE 
Fuselage Shell &Floor Panels 
Remainder 
Subtotal 

1.499 
0.994 

2.447 
0.994 

1.486 
0.994 

1.122 
0.995 

1.191 1.559 1.185 1.044 

REMAINDER OF AIRCRAFT1 0.994 0.994 .996 .994 

TOTAL 0.977 1.104 1.029 0.900 

lIncludes the following airframe systems: 
o landing gear (less rolling assembly) 0 pneumatics 0 instruments 
o flight controls 0 electrical 0 hydraulics 
o propulsion (less engine) 0 avionics 0 ice protection 
o fuel system 0 furnishings 0 handling gear 
o auxiliary power unit 0 air conditioning 



TABLE XLIV	 IMPLICIT MATERIAL COST 
COMPLEXITY FACTORS RESIZED 
NEW CONCEPT	 RELATIVE TO 
BASELINE AIRCRAFT (ISOGRID
FUSELAGE - 300 AIRCRAFT 
PROGRAM) 

COMPLEXITYAIRCRAFT COMPONENT FACTOR 

WING
 
Box Struc1iure
 0.868 
Remainder (Includes also Flaps, 0.984 

Ailerons, 'Balance Weights) 
Subtotal 0.947 

HORIZONTAL TAIL
 
Box Structure
 1.653 
Rernai nder 0.990 
Subtotal 1.295 

VERTICAL TAIL
 
Box Structure
 3.020 
Remainder 0.990 
Subtotal 1.453 

FUSELAGE
 
Center Fuselage Shell (Stations
 4.706 

366 to 982) and Floor Panels
 
Aft Fuselage Shell (Stations
 4.407 

982 to 1437)

Remainder
 .986 
SubtDtal 2.135 

TABLE XLV COST AND WEIGHT BENEFITS OF NEW CONCEPTS (ISOGRID FUSELAGE) 

WEIGHT - LB PRODUCTION COST -	 $MILLIONS 

RESIZED RESIZED
 
COMPONENT
 
STRUCTURAL 

COST ~$/~LBBASELINE NEW REDUCTION BASELINE NEW 
CONCEPT CONCEPT 

9,l1B 7,977 1,141 0.865 0.567 -0.298 -245.02Wing Box 

Horizontal
 
Stabil izer Box
 -263.031,749 1,532 0.143 0.083 -0.060217 

Vertical
 
Stabili zer Box
 0.079 -0.032 -174.151,475 1,290 0.111185 

Fuselage Shell
 
and Floor
 +0.4499,466 9,792 0.673 1.122 [1377 .57]-326 

+0.0591.851 48.4820,591 1,217 1.79221,808Component To ta1 

Ai rcraft
 
Structure TDta1
 +0.031 20.884.47948,341 1,485 4.44849,826 

[ ] COST ADDED PER POUND ADDED300 AIRCRAFT CUMULATIVE AVERAGE COSTS 
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SECTION VII I
 

AIRCRAFT PERFORMANCE PAYOFF
 

The structural arrangement of the aircraft used in the following performance 
analysis consists of the following new design concepts: (1) integrally stiff 
ened wing cover skins (Concept #1), (2) isogrid fuselage shell and (3) honey
comb sandwich empennage cover skins. 

8.1 PERFORMANCE ANALYSIS 

The performance payoff studies were conducted for three configurations of air 
craft utilizing the new design concepts. These include: (1) unresized, or 
fixed, geometry; (2) completely resized ai rframe, inc1 uding "rubberi zed" 
engines; and (3) partially resized airframe with the baseline engines. 

8.1. 1 Unres i zed Ai rcraft 

The unresized aircraft has the same external dimensions and engine thrust as 
the baseline aircraft. The weight reduction of 1080 lb. is due to a combina
tion of new materials and internal geometry changes. This structural weight 
reduction results in a performance improvement over the baseline aircraft. 
The improvement may be taken as a reduction in field length, ~n increase in 
payload, or as an increase in mission radius. These performance improvement
options are summarized in Table XLVI. 

8.1.2 Resized Aircraft 

The resized aircraft is the minimum weight configuration that has the same 
performance characteristics as the baseline aircraft. The reduction in struc
tural weight has a cascading effect on total weight as the aircraft is resized. 
The wing and empennage areas are reduced, and the engines are smaller. Engine
weight and performance are those of the JT8D-17 scaled linearly to the required 
size. The external geometry of the fuselage does not change due to the require
ments of cargo space. 

The total operator's weight empty reduction obtained by completely resizing the 
aircraft is 1970 1bs. The description of the resized aircraft is given in 
Table XLVII. 

The reduced wing area cuts the ferry range some 19 nautical miles due to less 
fuel volume available in the resized wing. 

8.1.3 Resized Aircraft with Fixed Engine Thrust 

The fixed engine thrust configuration was sized to minimize weight by reducing
wing and empennage areas. This allows a greater wing, horizontal tail and 
vertical tail area reduction relative to the completely resized aircraft. 

The total operator1s weight empty saved by using the baseline engine is 1850 
1bs. The ferry range is reduced some 50 nautical miles (31 less than the com
pletely resized aircraft) due to the smaller wing. The description of the 
partially resized aircraft is found in Table XLVII. 
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TABLE XLVI UNRESIZED AIRCRAFT PERFORMANCE IMPROVEMENT OPTIONS 

OPTION 
MID-POINT 

GROSS 
WEIGHT (LBS) 

150,000 

150,000 

150,000 

148,830 

PAYLOAD 
CAPABILITY 

(LBS) 

RADIUS 
CAPABILITY 

(N.MI.) 

FIELD LENGTH 
MID-POINT 

(SL 103°F) 

BASELINE 

1 

2 

3 

27,000 

28,080 

27,000 

27,000 

400 

400 

433 

400 

2,000 

2,000 

2,000 

1,975 

TABLE XLVII RESIZED AIRCRAFT PERFORMANCE DATA 

PARTIALLYAIRCRAFT BASELINE COMPLETELY RESIZEDRESIZED (FIXEDDESCRIPTION AIRCRAFT AIRCRAFT ENGINE SIZE) 

Payload (1 b) 27,000 27,000 27,000 

Radius (N.Mi.) 400 400 400 

Field Length, SL (103°F)(Ft) 2,000 2,000 2,000 

Wing Area (Ft2) 1,740 1,697 1,671 

Horizontal Tail Area (Ft2) 643 632 626 

Vertical Tail Area (Ft2) 462 454 457 

Thrust/Eng., SL (103° )(Lb) 14,900 14,532 14,900 

Operators Empty Weight (Lb) 103,240 99,850 100,090 

Mid-Point Weight (Lb) 150,000 146,310 146,570 

Ferry Range (N.Mi.) 2,420 2,390 2,337 
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SECTION IX
 

CONCLUSIONS AND RECOMMENDATIONS
 

The conclusions and recommendations are based on the study experience and the 
data presented in Sections II through VIII. 

9.1 STRUCTURAL DESIGN 

9.1.1 Conclusions 
o Two structural advantages of isogrid are: (1) it acts in an 

isotropic manner; and, (2) all of the members resist the loads 
allowing development of unframed structure. Hence, there is a 
minimum of parasitic structure. 

o	 The AMST has: (1) a high wing; (2) a fuselage-mounted landing 
gear; and, (3) a relatively short fuselage with a large portion 
of non-constant sections which also have out-of-round areas. 
These factors penalize isogrid such that an isogrid fuselage is 
not competitive weightwise for the AMST. 

o	 Isogrid wing panels are not competitive weightwise with conven
tional panel construction since the loads are predominately
spanwise which is the orientation of the conventional stringers.
(See IIpseudo-isogridll recommendation.) 

o Cutout reinforcements in isogrid are easily provided by an in
tegral beefup of the skins and ribs around the cutouts without 
addition of parts. 

o The node holes provide a convenient and weight-effective means 
of attaching floors, frames, subassemblies, and equipment (i.e., 
a "peg board ll for attachment). 

o Isogrid panels should be as large as possible to reduce the 
joint penalties. 

9.1.2 Recommendations 

o Isogrid structural applications should be investigated which 
are flat or singly curved and have sufficiently high load or 
rigidity requirements to eliminate minimum gage skins. Weight
and cost benefits will result if these criteria are met. 

o The applicability of "pseudo-isogrid" should be studied. These 
patterns involve angles other than 60 degrees and variable rib 
depth thus more effectively orientating the rib material in the 
primary load direction. Wing panels subjected to high shear 
loads in combination with high axial loads are a potential 
candidate. 

o	 A sandwich of two isogrid sheets separated by trusses or webs 
should be studied for potential weight savings. Candidate 
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applications are: (l) the AMST fuselage in the region of the 
tail (to replace the tail frames); and (2) under the wing. 

o Detailed isogrid studies are required: (l) to determine the 
potential weight saving using rib orientations determined by
different combinations of axial, hoop, and pressure loads; and, 
(2) to develop the use of the nodes as a "pegboard pattern" for
the attachment of provisions thus eliminating bracketry. 

o	 A study of high-low ribbed isogrid in lightly loaded regions 
should be made, using a rigorous analytical method just com
pleted, to further evaluate the weight saving potential
associated with shallow ribs within a high rib pocket. 

o A study is required to replace the skin/stringer fuselage loads 
with isotropic fuselage loads to obtain more realistic stress 
distributions in the region of the isogrid fuselage/wing inter
section to reduce weight (a FORMAT analysis which was beyond
the scope of this study). 

9.2 STRUCTURAL ANALYSIS 

9.2.1 Conclusions 
o Isogrid is relatively simple to analyze because it acts as a 

monocoque sheet with a modified thickness and modulus of elas
ticity. This property allows use of existing monocoque buck
ling equations (with the modified thickness and modulus). 

o	 Isogrid possesses advantages in fatigue and damage tolerance 
associated with all integral structure in that the number of 
holes (a potential source of initial flaws) is considerably
reduced from that of conventional built-up structure. Where 
applicable, required attachments to the isogrid panels are made 
in the reinforcement lands which are machined integral with the 
sheet. 

9.2.2 Recommendations 
o	 Some additional analysis methods are required to facilitate the 

design of isogrid structures. Table XLVIII presents a matrix
of available and/or required analytical solutions and tests of 
isogrid structures. As indicated, the existing information is 
largely oriented toward the effective design of cylindrical 
space boosters. These data are suitable for sizing a fuselage
to the general overall loads but incomplete where the fuselage 
is loaded significantly by out-of-plane loads. These are de
noted in the Table as "Cyl inder-Concentrated Load" and "Cyl inder
Distributed Load". Analytical tools (other than finite element 
analyses) and test verification are required to describe stress 
states in monocoque cylinders with variable wall thickness when 
SUbjected to point or distributed loadings. 
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TABLE XLVIII MATRIX OF AVAILABlE ANALYTICAL SOlUTIONS AND TEST DATA FOR ISQGRID STRUCTURE 

THEORY OPTIMIZATION TEST VALIDATION 
STRUCTURE/MOOE ITEM 

Unflanged Flanged Unflanged Flanged Lexan Metal 

Cylinders in Compression yes yes yes no yes yes 
Cylinders in Compression and Torsion yes yes no no yes no 
Cylinders in Bending yes yes yes no yes yes 
Cylinders in Bending and Torsion )leS yes no no yes no 
Cylinders in Torsion yes yes yes no yes no 
Cylinders - Uniform External Pressure yes yes yes no yes no 
Spherical Caps - External Pressure yes yes yes no yes yes 
In-Plane Concentrated Load - Center of Sheet yes yes yes no no yes 
In-Plane Concentrated Load - Edge of Sheet yes yes yes no no no 
Cutout Reinforcement yes yes yes no yes+ yes+ 
Open Isogrid Shear web yes yes yes no no no 
Open Isogrid Cylinders - CoIpr. I Bend. yes yes yes no no no 
Open Isogrid PlateS - Bending yes yes yes no no yes· 
Skinned Isogrid Plates - Bending yes yes yes no yes· no 
Skinned Isogrid Plates - Transverse Shear no no no no no no 
Elliptical Caps - Unifonl External Pressure no no no no no no 
Edge Fixity Coefficients - Skin Pockets no no no no yes no 
Cylinder - Concentrated Load yes yes no no yes· yes· 
Cylinder - Distributed Load no no no no no no 
Frustum- of Cone - Concent. or Dhtr. lOld no no no no no no 
Finite Element Analysis Has been analysed using Nastran. 
Fatigue Tests Limited fatigue test data. 

Damage Tolerance Analyzed using linea' elastic fracture mechanics 
techniques 

(NOTE: + Delta; * Extensional Stiffness only; • Tangential Load only.) 



In addition, the unavailable analysis and test items in Table 
XLVIII covering open and skinned isogrid shear webs should be 
investigated for shear flow intensities up to at lease 3000 
H/in. (the range determined in the present study). Isogrid is 
basically a three bar linkage which is stable thus providing 
excellent resistance to shear. In skinned isogrid, the ribs 
(carrying shear loads), with their centroid spaced away from 
the skin, in effect form a second surface of a torque box pro
viding greater torsional stiffness than that of conventional 
construction. 

o Tests are required to validate the analysis methods when they
are developed. This testing can be done very economically com
pared to tests of conventional structures. Isogrid's isotropic 
property allows low cost simulation using Lexan monocoque
models. Lexan is a plastic which buckles without permanent set. 
Hence, one model can be repeatedly tested and reinforced or 
changed by glueing on additional material for further testing.
Stress states can be measured by strain gages. Pertinent Lexan 
tests would include: (1) buckling to develop interaction equa
tions; (2) stress states away from out-of-plane loads; and, (3) 
stress states around holes. Isogrid full-scale metal testing
is more economical since its integral construction and use of 
the node holes for equipment attachment eliminates many parts
and the failures associated with them. For example, an isogrid
compression test basically measures three failure modes; general
instability of the overall structure, rib crippling, and skin 
pocket buckling. 

9.3 MANUFACTURING METHODS 

9.3.1 Conc1us i'ons 
o Machining should be by computer-controlled multiple-spindle 

equipment. This involves a generalized master computer program.
and a library of isogrid pocket configurations. Using input
data on the particular design, the computer selects the appli
cable pocket dimensions, inputs them into the generalized pro
gram, which then commands the spindles to produce the proper 
part. 

o	 Close tolerance machining is necessary since the isogrid weight 
is penalized if tolerances are too large. 

o	 The minimum cutter size sets the node hole radii to dimensions 
larger than required by analysis thus increasing the weight 
penalty. 

o	 Forming procedures are: 

a.	 Single curvature: by brake forming or age forming. 

b.	 Double curvature: by shot peening. 
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c.	 Minor double curvature: by bulge forming. 

d.	 Drape forming is size limited. 

9.3.2 Recommendations 
o	 Double curvature forming technology requires development, in 

particular, the shot peen forming of large parts. 

9.4 NON-DESTRUCTIVE INSPECTION 

9.4.1 Conclusions 
o	 Existing techniques are suitable for inspecting isogrid. These 

include penetrants to check for cracks, and ultrasonic or eddy
current to check skin and web thicknesses. 

9.4.2 Recommendations 
o	 The thickness measuring function should be incorporated with 

the machining function. 

9.5 COST ANALYSIS 

9.5.1 Conclusions 
o Isogrid costs are increased by mixing different pocket sizes or 

by capping the ribs 
o Isogri d costs are increased by doubl e curvature appl i cations. 

9.5.2 Recommendations 
o Pocket patterns could be simplified, e.g., replace a tapered 

pattern by a stepped pattern, to expedite manufacture and re
duce	 cost. (Note: Isogrid space booster costs were less than 
for conventional construction because there were few parts and 
repetitive machining was used.) 

o Other splice joint design options should be developed which may
reduce cost. 

9.6 AIRCRAFT PERFORMANCE PAYOFF 

9.6.1 Conclusions 
o Performance payoff and/or aircraft reslzlng was indicated in 

this	 study using integral stiffened wing covers, an isogrid
fuselage, and honeycomb sandwich empennage cover skins. The 
unresized aircraft had improved performance over the baseline 
aircraft. The resized aircraft had the same performance char
acteristics as the baseline, however, a resized aircraft with 
fi xed engi ne thrust had a shorter ferry range. 
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APPENDIX A 

COMPUTER PROGRAMS 

[NATLOC] Normal and Tangential Loads on Cylinders 

This program computes in-and-out-of-plane stresses, strains and displacements
in a monocoque cylindrical shell when loaded by uniformly distributed radial 
pressures and shearing loads applied in discrete rectangular pads of loading. 
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